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Abstract

Background—Synaptic dysfunction in schizophrenia may be associated with abnormal 

expression or function of SNARE proteins (syntaxin, SNAP25, VAMP), forming the molecular 

complex underlying neurosecretion. The impact of such abnormalities on efficient SNARE 

heterotrimer formation is poorly understood. We investigated putative SNARE dysfunction, along 

with possible roles for the SNARE binding partners Munc18-1, complexins (Cplx) 1/2 and 

synaptotagmin, in brains from autopsies of individuals with and without schizophrenia.

Methods—Postmortem samples were obtained from orbitofrontal (OFC) and/or anterior 

cingulate (ACC) cortices from two separate cohorts (n = 15+15 schizophrenia cases, n = 13+15 

controls). SNARE interactions were studied by immunoprecipitation and one- or two-dimensional 

blue native electrophoresis (BN-PAGE).

Results—In the first cohort, syntaxin, Munc18-1 and Cplx1, but not VAMP, Cplx2 or 

synaptotagmin, were two-fold enriched in SNAP25-immunoprecipitated products from 

schizophrenia OFC in the absence of any alterations in total tissue homogenate levels of these 

proteins. In BN-PAGE, the SNARE heterotrimer was identified as a 150-kDa complex, increased 

in schizophrenia samples from Cohort 1 (OFC: +45%; ACC: +44%) and Cohort 2 (OFC: +40%), 

with lower 70-kDa SNAP25-VAMP dimer (−37%) in the OFC. Upregulated 200-kDa SNARE-

Cplx1 (+65%), and downregulated 550-kDa Cplx1-containing oligomers (−24%) in schizophrenia 

OFC were identified by BN-PAGE. These findings were not explained by postmortem interval, 

antipsychotic medication, or other potentially confounding variables.
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Conclusions—The findings support the hypothesis of upregulated SNARE complex formation 

in schizophrenia OFC, possibly favored by enhanced affinity for Munc18-1 and/or Cplx1. These 

alterations offer new therapeutic targets for schizophrenia.
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Introduction

Schizophrenia is the major psychotic disorder, with an estimated lifetime prevalence range 

of .3-1% (1; 2). Compelling data support dopaminergic dysfunction as a source of 

psychosis-related symptoms, while glutamatergic hypofunction may also contribute to the 

schizophrenia syndrome (3-8). The clinical phenotypes are attributed to developmentally 

“miswired” neural connectivity between orbitofrontal cortex and hippocampus, as well as 

striatal and thalamic nuclei (8-12). A recent meta-analysis positron emission tomography 

studies in early schizophrenia found consistent abnormalities in presynaptic, rather than 

postsynaptic mechanisms (13). At a neurochemical level, presynaptic abnormalities of the 

machinery of neurosecretion may unify dopaminergic, glutamatergic and 

neurodevelopmental hypotheses (14; 15).

The intricate process of neurotransmitter release requires formation of the soluble N-

ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE), a 

heterotrimeric complex assembled through the interaction of syntaxin-1 (Stx1), 

synaptosomal-associated protein-25 (SNAP25), and the vesicle-associated membrane 

protein (VAMP, or synaptobrevin) (16; 17). Although SNARE proteins are sufficient for in 

vitro vesicle priming and fusion (18), release of neurotransmitters is a highly regulated 

process requiring participation of multiple accessory proteins. In presynaptic membranes, 

vesicles are initially primed through a “trans-SNARE complex”, a partially assembled 

multimeric structure involving the additional participation of at least syntaxin-binding 

protein-1 (herein Munc18-1), complexin (Cplx) 1 or 2, and the calcium-sensitive protein 

synaptotagmin (Stg) (19-23). Calcium influx triggers the transition to a tight “cis-SNARE 

complex”, supplying the energy required to zipper vesicular and terminal membranes, and 

opening a fusion pore for neurotransmitter release (17; 24; 25). Finally, addition of NSF and 

soluble NSF attachment proteins (SNAP) to cis-SNAREs induces complex disassembly and 

vesicle recycling. A subset of dimeric SNARE associations, including target (t)-SNAREs 

(Stx1-SNAP25), is generated while the trans-SNAREs are rebuilt (17; 19).

Postmortem brain and gene association studies in schizophrenia consistently report 

abnormalities of individual components of the SNARE machinery (26-33), although there is 

no obvious convergence of findings across studies (26-30; 34-36). Compensatory in vivo 

effects related to SNARE functional efficiency (with or without altered expression of protein 

amounts) could be part of the pathological substrate of schizophrenia. For example, two 

murine strains carrying genetic modifications resulting in enhanced SNARE assembly 

(without obvious effect on expression levels of individual SNARE proteins) show 

schizophrenia-related endophenotypes. The ‘blind-drunk’ mouse bears a spontaneous 
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missense mutation in the SNAP25 gene, resulting in a single amino acid substitution (I67E) 

that confers enhanced SNARE binding affinity (37). Mutant mice showed higher 

vulnerability to a prenatal stress-induced schizophrenia-like syndrome, a behavioral 

manifestation that was abolished with antipsychotic treatment (38). More recently, 

transgenic mice overexpressing the accessory protein Munc18-1 were found to mimic 

structural and functional abnormalities present in schizophrenia patients, as well as showing 

enhanced dopamine release and behavioral activation with amphetamine (39). Conversely, 

impairment of SNARE proteins’ capacity to form complexes was associated with cognitive 

decline and progression of Alzheimer’s disease in a community-based aging study (40; 41), 

regardless of the amounts of Stx1 and SNAP25 present. Murine models mimicking the loss 

of SNARE protein-protein interactions undergo related behavioral and physiological 

neurodegenerative syndromes (42; 43). Finally, increased SNARE function could underlie 

the enhanced global brain signal recently observed by functional MRI in a large sample of 

patients with schizophrenia, a specific trait of illness that is mimicked by ketamine 

administration in healthy subjects (44; 45).

The unusual resistance of SNARE complexes to denaturation by sodium dodecyl sulfate 

(SDS) allows quantitation by standard SDS-polyacrylamide gel electrophoresis (PAGE) and 

Western blotting (46). However, whether all SNARE interactions are SDS-resistant, or only 

a subgroup of them (such as tight cis-SNAREs) is not known. Notably, SDS-resistant 

SNAREs were increased in cortical samples of schizophrenia suicides (28), but 

downregulated in antipsychotic-medicated subjects (30) and in schizophrenia samples with a 

large deficit in phosphoserine-14-Stx1 (35). In a previous study, increased native Stx1-

SNAP25 interactions were identified in the ventromedial caudate nucleus of non-suicide 

schizophrenia samples by a modified sandwich ELISA (36). This technique, like co-

immunoprecipitation (IP), cannot differentiate heterotrimeric from dimeric SNARE 

interactions. Separation of brain proteins in native gels, such as blue native (BN)-PAGE, 

may provide new insights into the structural and functional features of SNARE and other 

presynaptic complexes in both healthy and diseased brain. Unlike SDS-gels, BN-PAGE 

allows isolation of protein complexes while preserving their native conformations (47; 48). 

Quantitation of native SNARE interactions could represent a neurochemical indicator of 

synaptic activity.

We tested the hypothesis that SNARE function is enhanced in schizophrenia brain. Core 

SNARE protein-protein interactions were quantified in the orbitofrontal (OFC) and the 

anterior cingulate (ACC) cortices of a well-characterized postmortem series of 

schizophrenia subjects and matched controls. The findings were confirmed in a replication 

series of postmortem OFC samples. Relevant protein-protein interactions involving 

Munc18-1, Cplx1/2 and Stg, were also explored. Analyses of presynaptic protein-protein 

interactions involved two different quantitative assays: co-IP and BN-PAGE. Since this 

study is the first use of BN-PAGE to identify presynaptic complexes, additional in vitro/ex 

vivo assays were designed to better understand the functional relevance of the SNARE 

protein-protein interactions, including protein dephosphorylation and selective SNARE 

disruption with the chemical agent myricetin (49; 50).
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Methods and Materials

Human postmortem brains

For the main, prospective study (Cohort 1), samples were obtained from the 

Macedonian/New York State Psychiatric Institute Brain Collection (36). Demographic and 

toxicological data of subjects with schizophrenia (n = 15) and matched controls (n = 13) are 

summarized in Tables S1 and S2 (see Supplement 1). Postmortem intervals (PMI) for all 

samples were relatively short compared to other available human cohorts (51), with controls 

(mean 16.6 ± SD 7.1 hr) having slightly, but statistically significantly longer mean PMI than 

schizophrenia cases (8.8 ± 3.4 hr). Multiple investigations were conducted to investigate the 

possibility that postmortem factors or drug treatment could contribute to differences between 

schizophrenia and comparison samples (see Supplement 1). Grey matter samples from the 

OFC [Brodmann area (BA) 10/47] and ACC (BA 24) were dissected using a standard atlas 

(52), and homogenized as indicated in Supplement 1. Both OFC and ACC contribute to 

cognitive dysfunction in schizophrenia (53-56). The OFC was chosen for all prospective 

assays; the ACC was selected to address the possibility of regionally specific findings. A 

second series of OFC postmortem samples (Cohort 2) was obtained from the Stanley 

Foundation Neuropathology Consortium for replication, including 15 schizophrenia and 15 

control donors (Supplementary Tables S1 and S3), with further details described elsewhere 

(57; 58).

Animals, drug treatments, and ex vivo chemical manipulations

Treatment of rats with haloperidol and clozapine was as described (36, and Supplement 1). 

Control rat brain samples were additionally used in studies characterizing the effects of 

alkaline phosphatase (49) and selective myricetin-induced disruption (50) on SNARE 

protein-protein associations (Supplement 1).

Co-IP, SDS-/BN-PAGE, and immunoblotting procedures

Detailed descriptions of these immunoassays and the antibodies used are provided in 

Supplement 1.

Data analysis and statistics

As noted above, the primary hypothesis was that SNARE protein-protein interactions are 

increased in schizophrenia. We used complementary assays to provide converging tests of 

this hypothesis, including immunoprecipitation and BN-PAGE. A Gaussian distribution of 

final datasets was confirmed with the Kolmogorov-Smirnov normality test. Analyses of 

relationships between neurochemical measures and potential confounding variables 

(including PMI, age at death, gender, brain pH, sample storage time, presence of 

antipsychotics, benzodiazepines, and/or ethanol, and/or smoking habit) were carried out. In 

the absence of relationships with potential confounds, the primary analysis for comparisons 

between diagnostic groups (schizophrenia, control) was a t-test. Analyses of covariance 

(ANCOVA) were carried out when neurochemical findings showed an association with a 

potentially confounding variable. Pearson’s correlations were used to inspect putative 

associations between SNARE protein-protein interactions and other exploratory findings 
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(such as measures of additional complexes), and to provide converging support for the 

primary hypothesis, or as exploratory analyses to be replicated in future studies. In animal 

studies, to assess possible effects of antipsychotic drugs, multiple comparisons were 

performed using one-way analysis of variance (ANOVA), followed by Bonferroni’s post-

hoc test. All tests were two-tailed, with statistical significance set to α=.05. All data were 

analyzed with JMP, version 10.0.2 (SAS Institute, Cary, NC, USA), and graphs were plotted 

using GraphPad Prism 6.0a (GraphPad Software, La Jolla, CA, USA).

Results

Inspection of datasets and relationships with potentially confounding variables

All data series obtained in the neurochemical assessments were normally distributed. Except 

for PMI, no relevant associations were found between potentially confounding variables 

(age at death, gender, brain pH, sample storage time, presence of antipsychotics, 

benzodiazepines, and/or ethanol, and/or smoking habit) and the neurochemical findings. 

Since schizophrenia and control subjects within Cohort 1 differ statistically in mean PMI 

(Supplementary Table S1), multiple approaches were used to investigate possible effects of 

PMI that could complicate analyses related to diagnostic group (Supplement 1). These 

included (1) analysis of consistency of relationships with PMI across brain regions in the 

same cases, (2) analysis of consistency of relationships with PMI in an independent cohort 

(with no mean difference in PMI between diagnostic groups), (3) modeling PMI effects in a 

separate human postmortem brain series, and (4) using an ANCOVA model with PMI as a 

covariate. Additionally, possible effects of antipsychotic drugs were assessed in rats. Details 

of these investigations are provided in Supplement 1. Since there was no indication any of 

these alternate approaches resulted in different conclusions concerning the effects of 

diagnostic group, the statistical findings using direct comparisons without covariate(s) are 

presented below.

Increased SNAP25 co-IP products in schizophrenia OFC with unaltered amounts in total 
homogenates

All SNARE proteins, as well as the binding partners Cplx1/2, Munc18-1 and Stg, were co-

immunoprecipitated by anti-Stx1 and anti-SNAP25 antibodies (Figure 1A). The amount of 

co-IP product was linearly dependent on the total protein content in the sample (Figure 1B).

In total homogenates from the OFC (BA 10/47) in Cohort 1, densitometric analyses of 

SNAP25, Stx1, VAMP, Munc18-1, Cplx1/2, and Stg immunoblots showed no significant 

differences between schizophrenia samples and controls (Figure 1C). Similar negative 

results were observed in the ACC (BA 24) of the same subjects, and in the OFC in Cohort 2 

(data not shown). In SNAP25-IP products from the OFC of Cohort 1, minimal variability of 

SNAP25 density was observed, and no mean differences were identified between groups 

(Figure 1D). However, the amount of Stx1 co-immunoprecipitating with SNAP25 was 

markedly greater in schizophrenia (+98%, p < .001). The enhanced SNAP25-Stx1 

interaction was not accompanied with increased VAMP association. Anti-SNAP25 IP 

extractions were also enriched in Munc18-1 (+113%, p < .05) and Cplx1 (+118%, p < .01) 

in schizophrenia OFC, contrasting with no differences in Cplx2 and Stg levels between the 
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groups (Figure 1D). These findings were not changed when using PMI as a covariate (see 

Supplementary Table S5).

Identification of presynaptic complexes by 1-D/2-D BN/SDS-PAGE

One-dimensional (1-D) BN-PAGE separation of human cortical protein complexes (S1 

fraction) followed by immunoblotting revealed a major band of ~150 kDa consistently 

immunolabeled with nine antibodies against Stx1, SNAP25, or VAMP (Figure 2A and 

Supplementary Figure S1), putatively corresponding to native SNARE. This complex was 

immunoprecipitated by anti-Stx1 and anti-SNAP25 and cross-detected with all antibodies 

against SNARE proteins (Supplementary Figure S2A). Additionally, other complexes 

(including a 200-kDa band) were observed above 150 kDa and up to 1.2 MDa, possibly 

corresponding to SNARE associations with other presynaptic multimeric structures (e.g. 

NSF, SNAPs). A SNAP25-VAMP complex of ~70 kDa was also recognized (and/or 

immunoprecipitated) with anti-SNAP25 and anti-VAMP, but not with anti-Stx1 (Figure 2 

and Supplementary Figure S2).

To further characterize native SNAREs, brain samples were subjected to thermal and/or 

chemical denaturation (Figure 2A and Supplementary Figure S1). Surprisingly, in absence 

of SDS, heat did not disrupt the 150-kDa SNARE complex, but did dissociate multimeric 

complexes. Rapid in vitro reassembly during the assay may mask SNARE denaturation after 

boiling (61). SDS alone largely (but not fully) disrupted the 150-kDa SNARE complex, but 

was unable to disassemble the SNARE multimers. Combined, thermochemical denaturation 

resulted in full loss of SNARE complexes, with the consequent accumulation of monomeric 

forms.

In 2-D BN/SDS-PAGE, SNARE antibodies recognized a SDS-resistant, boiling-sensitive 

75-kDa spot (Figure 2B and Supplementary Figure S3B), derived from the 150-kDa 

SNARE. The 70-kDa SNAP25-VAMP complex yielded a ~60-kDa spot, labeled with anti-

SNAP25 and anti-VAMP, but not anti-Stx1 antibodies.

Exposure of solubilized protein complexes to alkaline phosphatase and myricetin revealed 

functional features of the native 150-kDa SNARE complex. Enzymatic dephosphorylation 

induced a shift of molecular mass to 200 kDa, apparently caused by the attachment of Cplx1 

(Figure 3A; Supplement 1). This effect was not observed in SDS-gels (Figure 3B). 

Moreover, upon removal of phosphate groups, Stx1-IP samples were significantly enriched 

in Munc18-1, Cplx2 and Stg (+65-182%), which did not interfere with SNARE intrinsic 

interactions (Figure 3C). The SNARE complex inhibitor myricetin disrupted the 150-kDa 

complex in a concentration-dependent manner (IC50 = .3-.6 μM, p < .001), without altering 

total contents of Stx1, SNAP25 and VAMP (Figure 3D). These experiments show that BN-, 

rather than SDS-PAGE, is sensitive to qualitative and quantitative changes in SNARE 

associations.

Altered patterns of native presynaptic protein complexes in schizophrenia OFC and ACC

The immunodensities of SNARE and other presynaptic complexes in the OFC (BA 10/47) 

and/or the ACC (BA 24) of subjects from Cohorts 1 and 2 were assessed by 1-D BN-PAGE 
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followed by standard immunoblotting with antibodies against Stx1, SNAP25, VAMP, Cplx1 

and Stg. As a test of the primary hypothesis of increased SNARE interaction, the mean value 

for immunoreactivity of the 150-kDa SNARE complex was found to be increased in the 

OFC of schizophrenia samples (+45%, p = .0009), consistent across each of the three 

immunolabeled SNARE proteins (+34-53%, p = .0006-.0095, Figure 4A, upper panel). 

Similar upregulation of the mean immunolabelling of the 150-kDa SNARE complex was 

observed in the ACC of the same schizophrenia subjects (+44%, p = .0307), with 

converging, statistically significant findings for quantification with the anti-Stx1 (+50%, p 

= .0195), and anti-SNAP25 antibodies (+39%, p = .0452), but not the anti-VAMP antibody 

(+42%, p = .0546, Figure 4A, middle panel). Consistent findings were obtained in a 

replication study analyzing samples from the OFC (BA 10/47) of subjects from Cohort 2 

(Figure 4A, bottom panel). SNARE associations were significantly enhanced for the mean 

immunolabelling (+44%, p = .0002), and for each of the three anti-SNARE antibodies 

(+31-54%, p = .0266-.0002). Remarkably, when PMI was included in ANCOVA for the 

Cohort 1 OFC samples, diagnosis [F(1,24) = 11.327; p = .0026], but not PMI [F(1,24) = 

0.5305; p = 0.4734], accounted for the vast variability explained by the model (see also 

Supplementary Table S5). Correlations between the three measurements of SNARE 

complex immunoreactivity were highly significant (Figure 4C), indicating that changes in 

SNARE complex levels can be reliably detected with Stx1, SNAP25 or VAMP antibodies.

The putative ~70-kDa SNAP25-VAMP complex could only be quantified in SNAP25 

immunoblots, since detection with anti-VAMP antibody resulted in a weak and more diffuse 

band (see Figure 2A). Lower density (−37%, p < .05) of this complex was observed in the 

OFC of subjects with schizophrenia in Cohort 1 (Figure 4B, upper panel). The putative 

SNARE-Cplx1 structure observed at 200-kDa was at higher levels in the same schizophrenia 

samples (+65%, p < .05), whereas the 550-kDa Cplx1 containing complex was slightly 

lower (24%, p > .05) (Figure 4B, upper panel). However, these secondary alterations of the 

presynaptic protein interactome were not observed in the ACC of the same subjects, or in 

the OFC of schizophrenia group in Cohort 2, compared to their matched controls (Figure 

4B, middle and bottom panels). Interestingly, the cortical level of 200-kDa Cplx1 was 

strongly associated with that of 150-kDa SNARE complex in both regions and cohorts 

(Figure 4C, right panel), suggesting a cooperative interaction between these complexes. Of 

the Stg complexes, only the 350-kDa complex was measurable in control and schizophrenia 

samples, while the 130-kDa complex was barely detectable. No significant differences in the 

large Stg complex were observed between the groups in any of the regions analyzed in 

Cohort 1 (Figure 4B), so no further replication was assessed in Cohort 2.

Converging evidence across techniques supports presynaptic alterations in schizophrenia 
OFC

As expected, pairwise analyses across immunological techniques (Table 1) showed a 

significant correlation between the amounts of SNAP25-immunoprecipitated Stx1 and those 

of native 150-kDa SNARE complex, quantified in the OFC of subjects with schizophrenia 

and controls in Cohort 1. This SNAP25-Stx1 interaction was negatively correlated with the 

putative 70-kDa SNAP25-VAMP dimer, suggesting a dynamic conversion between 150-

kDa and 70-kDa species, that is unbalanced in schizophrenia. Accordingly, no significant 
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associations were found between these species and the VAMP co-IP product, which remains 

attached in both complexes. Remarkably, positive correlations were also detected between 

Munc18-1 and Cplx1 co-IP products and the ~150-kDa SNARE, which suggest a 

cooperative action of these accessory proteins on the enhanced SNARE interactions in 

schizophrenia brain. Consistent with complex transformations, significant associations were 

observed between the cortical immunodensities of Cplx1-SNAP25 co-IP, and those of native 

Cplx1 oligomers of ~200 kDA (positive) and ~550 kDa (negative). Immunoprecipitated 

Munc18-1 was also largely related to the ~200-kDa SNARE-Cplx1 oligomer, suggesting a 

role in building this complex. Individual protein densities in total homogenates, as well as 

the contents of Cplx2 and Stg in SNAP25-IP products, did not show significant correlations 

with the presynaptic complexes quantified in native gels. Note, however, that co-IP 

experiments were not reassessed in ACC or in the replication study with Cohort 2 due to 

limitations on sample availability.

Modeling effects of PMI and antipsychotic drugs

An independent series of controls selected for a similar range of PMI (7-25 h) was studied, 

as well as an investigation of the possible effects of typical (haloperidol) or atypical 

(clozapine) antipsychotics on cortical SNARE complex in rats. In summary, none of these 

variables appeared to explain the abnormal SNARE protein-protein interactions observed in 

schizophrenia (see Supplement 1 and Figures S5 and S6 therein).

Discussion

The present study explored the diversity of interactions of SNARE proteins (Stx1, SNAP25 

and VAMP) and relevant presynaptic binding partners (Munc18-1, Cplx1/2, Stg) with two 

different immunoassay strategies (co-IP and BN-PAGE). Schizophrenia was associated with 

greater OFC and ACC SNARE complex formation, without alteration in protein expression 

levels. Greater Cplx1 and/or Munc18-1 binding affinity may underlie the aberrant SNARE 

complex formation in schizophrenia.

Native gels were used for comprehensive characterization of presynaptic complexes. In 1-D 

BN-PAGE, the SNARE complex was resolved as a 150-kDa major structure. Despite the 

resistance of SNARE interactions to SDS-PAGE denaturing conditions (30; 46; 61), native 

150-kDa SNARE complexes showed high sensitivity to SDS in BN-PAGE. This divergent 

behavior may represent two different pools of SNARE complexes, corresponding to the 

partially zippered trans-SNAREs (SDS-sensitive), and the tight cis-SNAREs (SDS-resistant) 

(23). The high sensitivity of native 150-kDa SNARE to enzymatic dephosphorylation and 

myricetin-induced disruption may reflect the functionality of these complexes (50; 62). The 

theoretical weight of SNARE heterotrimer (Stx1+SNAP25+VAMP) is only 74 kDa, 

suggesting additional binding partner(s) may be present in the 150 kDa native complex. 

Munc18-1 is a strong candidate, supported by its profile in 2-D BN-blots and the predicted 

weight (142 kDa) of the existing SNARE-Munc18 tetramer (19-22). Two other SNARE 

species were characterized: a 200-kDa complex containing SNARE proteins and Cplx1 (and 

putatively Munc18-1), and a 70-kDa SNAP25-VAMP dimer. These protein complexes were 

confirmed by both 2-D BN/SDS-PAGE and co-IP assays. While SNARE-Cplx1 oligomers 
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were expected (63; 64), SNAP25-VAMP dimers were a surprise. In SNARE assembly, t-

SNAREs (Stx1-SNAP25) are formed first, and v-SNAREs (VAMP) are attached later (61). 

This binary interaction could be a transient product resulting from NSF-mediated SNARE 

dissociation (61; 65). Other SNARE-containing multimeric complexes of higher molecular 

weight (250-1200 kDa) were detected, and require further characterization in future studies 

using mass spectroscopy to allow identification of all components of the complexes.

For schizophrenia, the findings indicate upregulated OFC and ACC SNARE complex 

formation. Although the immunodensities of SNARE monomers, Munc18-1, Cplx1/2 or Stg 

in total homogenates were not different from control levels, IP studies showed increased 

SNAP25-Stx1 interaction in schizophrenia, without a significant alteration in SNAP25-

VAMP association. In parallel, using BN-PAGE, the 150-kDa complex was increased in the 

same brain samples, regardless of the SNARE protein targeted, while the putative SNAP25-

VAMP dimer was reduced. Immunoprecipitation studies showed enhanced SNAP25 binding 

affinity for Munc18-1 and Cplx1 in schizophrenia brains, correlating positively with the 

upregulated 200-kDa SNARE-Cplx1 oligomer, and negatively with 550-kDa Cplx1 

multimer. The correlations across both techniques (see Table 1), combined with key findings 

in the literature, suggest dynamic conversion or partitioning of SNARE and related proteins 

between these complexes, which in turn may underlie cycling of presynaptic vesicles 

(schematically represented in Figure 5). Since protein associations likely occur in vitro 

during the assays (46), the increased efficiency of formation of active SNARE protein 

complexes suggests that turnover within the proposed cycle may be accelerated in 

schizophrenia. Importantly, the upregulated 150-kDa SNARE complex in the OFC and the 

ACC of Cohort 1 was confirmed in Cohort 2, despite large demographic and recent 

treatment differences between cohorts that could potentially mask the intrinsic biological 

mechanisms of illness in postmortem studies. Other exploratory observations in the OFC in 

Cohort 1 were not replicated in the ACC or in Cohort 2. These latter findings, involving 

Cplx1 and other SNARE associations resolved by BN-PAGE, might be sensitive to the 

confounding variables described above, could be region specific, and/or inconsistently part 

of the illness.

Alterations in both mRNA and protein expression levels of neurosecretory molecules have 

long been reported in schizophrenia postmortem brain, including increased levels of Stx1 

and/or reduced SNAP25 (15; 66). In agreement with the present data, one study showed 

upregulated native SNAP25-Stx1 interaction in ventromedial caudate samples in 

schizophrenia (36). Phosphorylation of SNARE proteins and their binding partners is crucial 

for SNARE efficiency, with some phosphorylation sites stimulating and others repressing 

complex formation (62). In the present study, ex vivo removal of phosphate groups did not 

alter intrinsic SNARE interactions, indicating that a homeostatic balance between phospho-

stimulator and phospho-repressor sites is achieved in presynaptic terminals. However, full 

phosphate depletion promoted adhesion of Munc18-1, Cplx1/2 and Stg to the complex. Of 

note, previous postmortem studies found higher Munc18-1 levels in schizophrenia 

dorsolateral prefrontal cortex, that were reduced by chronic antipsychotic medication (30; 

67). These observations suggest that a new homeostatic state involving dysregulated 

phospho-stimulator/repressor sites could result in a higher efficiency of SNARE complex 
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association n schizophrenia (Figure 5). Notably, the findings are convergent with ‘blind-

drunk’ and Munc18-1-overexpressing mice models, both displaying enhanced SNARE 

interactions and schizophrenia-related behaviors (38; 39). It remains uncertain whether or 

not the antipsychotic-induced amelioration of the schizophrenia-like endophenotypes in 

these murine models is mediated by normalization of the intrinsically elevated SNARE 

protein-protein interactions.

The present findings indicated a role of Cplx1 (but not Cplx2) in the enhanced SNARE 

function in schizophrenia OFC. Cplx1 is mainly expressed in inhibitory neurons, while 

excitatory terminals are enriched in Cplx2 (63; 64). Orbitofrontal GABAergic, but not 

glutamatergic neurons may display aberrant SNARE complex activity, which could result in 

constitutive inhibition of the glutamate system, and perhaps contribute to lower OFC 

function (8). Interestingly, reduced OFC activity (quantified by functional MRI) is 

associated with poor executive functioning in patients with schizophrenia (53; 54). Since 

Cplx1 oligomers were not altered in the ACC, increased SNARE function in this region 

might not be associated with inhibitory terminals. Co-IP experiments may determine 

whether increased Cplx2 binding mediates enhanced SNARE association in ACC, putatively 

involving excitatory terminals. Future studies characterizing the functional and structural 

profiles of the diverse complexes observed in native gels, and their potential association 

with specific terminal subtypes, may allow tracing SNARE complex alterations in 

excitatory, inhibitory and/or neuromodulatory synaptic terminals across different brain 

regions. Illness specificity also requires attention in future studies. In this context, previous 

work showed no association between major depression and SDS-resistant complexes (30), 

while another study reported a positive association between disturbed native SNARE 

interactions and age-related cognitive impairment (40).

In conclusion, the present findings indicate enhanced cortical SNARE protein-protein 

interactions in schizophrenia. The putative upregulated SNARE function may be facilitated 

by increased affinity for Cplx1 and/or Munc18-1. Research on novel drugs to treat the core 

biochemical mechanisms of schizophrenia could seek compounds capable of disrupting 

SNARE complex association.
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Figure 1. 
Characterization and quantification of presynaptic protein-protein interactions in control and 

schizophrenia brain samples from the orbitofrontal cortex (OFC, BA 10/47) in Cohort 1 by 

standard immunoblotting (IB) and immunoprecipitation (IP). (A) Solubilized brain proteins 

(1 mg in 200 μl) were incubated with magnetic beads pre-coated in absence (noAb; negative 

control) or presence of antibodies against Stx1 (SP7) or SNAP25 (SP12), and eluted in 50 μl 

of SDS-loading buffer. Five μl of the resulting pellets, alongside 5 μg of IP input sample, 

were resolved by SDS-PAGE followed by IB with specific antibodies. VAMP, Cplx1/2, 
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Munc18-1 and Stg similarly co-immunoprecipitated either with anti-Stx1 or anti-SNAP25. 

For all tested antibodies, no immunoreactivity was detected in noAb sample, reflecting a 

high purity of the extraction procedure and the specificity of the protein-protein interactions. 

(B) Stx1 and SNAP25 were immunoprecipitated as above using as inputs increasing 

amounts (.13-1.0 mg) of human brain solubilized proteins. Pellets (5 μl) and the input 

sample (5 μg) were analyzed in SDS-PAGE followed by quantitative IB for two major co-IP 

products, VAMP and Munc18-1 (representative immunoblots on top). Immunodensities of 

each co-IP product in each IP reaction were calculated as the ratio to input value, and 

individually represented in the graphs against the protein concentration used in each IP 

procedure. Both co-IP products were linearly dependent on the total protein amount (and 

thereby in the amount of protein-protein interactions) loaded in both IP reactions with anti-

Stx1 (VAMP: r = .996, p = .0042; Munc18-1: r = .995, p = .005) and anti-SNAP25 (VAMP: 

r = .997, p = .0026; Munc18-1: r = .999, p = .0007) antibodies, for the entire range of studied 

concentrations. (C and D) Altered presynaptic protein-protein interactions in schizophrenia 

OFC. Immunodensities of SNAP25, Stx1, VAMP, Munc18-1, Cplx1/2 and Stg were 

quantified in total brain homogenates (C) and in anti-SNAP25 (SP12) immunoprecipitation 

(IP) products (D) from the OFC of control and schizophrenia subjects in Cohort 1 (n = 

13-15). Values were normalized by β-actin (C) or SNAP25 (D) and represented (in bars) as 

mean ± SEM percentage values from in-gel standards (pool of control samples); *p < .05, 

**p < .01, ***p < .001 (Student’s t-test). Bottom (C and D): representative immunoblots 

from various control (C), schizophrenia (SZ), standard (st) samples, and the input used for 

standard IP (st input). Note that selected immunoblots for all proteins (excluding Munc18-1-

co-IP) correspond to the same subsets of C and SZ subjects identically distributed across the 

gels. The equivalent gel for Munc18-1 (D) was anomalous and another representative 

immunoblot was selected. The images were developed by a researcher blind to the identity 

of the samples (A-D) Mass (in kDa) of the most proximal prestained protein marker (Bio-

Rad) to the target proteins is indicated on the left.
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Figure 2. 
Characterization of Stx1, SNAP25 and VAMP complexes by one-dimensional (1-D) (A) and 

two-dimensional (2-D) (B) blue-native (BN)/SDS-PAGE. (A) BN gradient gels (4-16% 

acrylamide) were loaded with 5-μg protein aliquots of resuspended pellets (P1) or 

supernatants (S1) from solubilized human cortical samples, under native conditions, or after 

harsh denaturation (.1% SDS and/or 5 min boiling). Protein complexes were transferred to 

PVDF membranes and immunoblotted with anti-Stx1 (SP7), anti-SNAP25 (SP12) or anti-

VAMP (SP10) antibodies. Note that minimal SNARE protein immunoreactivity was 
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detected in P1 (i.e. Triton X-100-insoluble fraction) for anti-Stx1 and SNAP25 antibodies, 

while anti-VAMP SP10 (but not SP11) antibody detected a spurious signal (see 

Supplementary Figure S1C). (B) A BN-gel strip containing a native S1 sample in (A) was 

sliced out prior to transfer, incubated 15 min in SDS-loading buffer, and mounted onto a 

12% SDS-PAGE for 2-D electrophoresis. Proteins were then transferred to PVDF 

membranes and sequentially probed with SP10 (green), SP7 (red) and SP12 (blue) 

antibodies. Captured images were arbitrarily assigned to one RGB channel and merged to 

visualize overlapping spots, indicating the presence of SDS-resistant complexes. (A and B) 
Molecular mass (in kDa) of native and SDS-PAGE prestained standards are shown on the 

left and above.
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Figure 3. 
Functional alteration of SNARE protein-protein interactions in vitro. (A and B) Solubilized 

protein complexes from human cortical samples were incubated in the absence or presence 

of alkaline phosphatase (APase; 1 U/μl, 1 h, 37°C) and separated by BN-PAGE (A) or SDS-

PAGE (B), under native or fully denatured (.1% SDS and 5 min boiled) conditions. Proteins 

were transferred to PVDF membranes and immunoblotted (IB) with anti-Stx1 (SP7), anti-

SNAP25 (SP12), anti-VAMP (SP11) or anti Cplx1 (SP33) antibodies. (C) Alternatively, 

triplicate aliquots of the above APase-free/treated brain homogenates were 

immunoprecipitated (IP) in absence (noAb) or presence of anti-Stx1 (SP7). Products were 

analyzed by SDS-PAGE followed by immunobloting (IB) with target-specific antibodies. 

APase fully removed phosphoserine (pSer) immunoreactivity from Stx1, without altering 

total Stx1 signal. Student t-tests detected significant increases of Munc18-1 (+182%, p = .

009), Cplx2 (+68%, p = .002), and Stg (+65%, p < .001) in the co-IP products from APase-

Ramos-Miguel et al. Page 19

Biol Psychiatry. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treated brain homogenates compared to APase-free. (D) Solubilized human brain samples 

were incubated in the absence (controls, C) or presence of myricetin (.1-100 μM), a 

functional SNARE disrupting agent. Samples were then separated by BN- or SDS-PAGE (as 

negative control), blotted with anti-Stx1 (SP7), anti-SNAP25 (SP12) or anti-VAMP (SP10) 

antibodies, and the immunodensity of the 150-kDa SNARE complex was quantified. 

Columns are mean ± SEM of four replicates per experimental group of the BN-PAGE-

quantified 150-kDa SNARE. One-way ANOVA detected significant differences between the 

groups [Stx1: F(4, 15) = 11.6, p < .001; SNAP25: F(4, 15) = 20.9, p < .001; VAMP: F(4, 15) 

= 19.5, p < .001]; ***p < .001 vs control (ANOVA followed by Binferroni’s test). 

Representative immunoblots are shown below the plots.
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Figure 4. 
Altered presynaptic complexes in schizophrenia orbitofrontal (OFC, BA 10/47) and anterior 

cingulate (ACC, BA 24) cortices. (A and B) Immunodensities of the 150-kDa SNARE (A) 
and other presynaptic complexes (B) were quantified in the OFC (blue panels) and the ACC 

(green panels) of schizophrenia subjects (SZ) and matched controls (C) from Cohort 1, as 

well as in the OFC of subjects from replication Cohort 2 (red panels), by blue native (BN)-

PAGE followed by immunoblotting with anti-Stx1 (SP7), anti-SNAP25 (SP12), anti-VAMP 

(SP10), anti-Cplx1 (SP33), or anti-Stg (MAB48) antibodies. Values were normalized by the 
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total amounts of the corresponding proteins, and represented (in bars) as mean ± SEM 

percentage values relative to a standard sample (pool of controls); *p < .05, **p < .01, ***p 

< .001 (Student’s t-test). Quantification of the 350-kDa Stg complex was not assessed (N.A.) 

in the replication Cohort 2. (C) Scatterplots showing significant correlations between the 

different 150-kDa SNARE complexes measured with all three antibodies (first three panels 

from the left), and that of 150-kDa SNARE (average of the three measurements) and 200-

kDa Cplx1 complexes (right panel), quantified in both brain regions from all subjects in 

Cohorts 1 and/or 2. Color patterns match those in A and B.
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Figure 5. 
Schematic representation of the hypothetical cycle of the presynaptic complexes involved in 

neurosecretion. Those complexes identified by blue native (BN)-PAGE are labeled with 

reddish letters, and the arrows aside indicate whether they were found upregulated (↑) or 

downregulated (↓) in schizophrenia orbitofrontal cortex (Cohort 1). Note that 150-kDa 

SNARE, and 200-kDa SNARE-Cplx1 complexes have been represented attached to 

Munc18-1, although no direct evidence was shown by BN-PAGE supporting the presence of 

this later molecule in these structures. Similarly, the presence of NSF and SNAPs in 550-

kDa Cplx1 and other complexes is essentially speculative. The proposed overlapping step in 

the vesicle cycle is indicated with grey letters.
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Table 1. Pairwise cross-correlation matrix.
a

SDS-PAGE BN-PAGE

Sample source Target
protein

150 kDa
SNARE

70 kDa
SNAP25

200 kDa
Cplx1

550 kDa
Cplx1

350 kDa
Stg

SNAP25 co-IP
products

Stx1 r .4196 −.5096 −.3030 −.5613 .3745

P .0262 .0056 .1170 .0019 .0496

VAMP r −.3515 .0249 −.5189 −.1445 −.1670

P .0666 .8998 .0047 .4632 .3956

Munc18-1 r .4028 −.3387 .5387 −.3727 −.1472

P .0302 .0779 .0031 .0508 .4547

Cplx1 r .5781 −.4341 .6503 −.4539 .1123

P .0013 .0210 .0002 .0153 .5696

Cplx2 r .1556 −.2925 .1055 −.4246 −.0887

P .4292 .1309 .5930 .0243 .6537

Stg r .2750 −.2804 .2695 −.1444 .1124

P .1567 .1484 .1655 .4636 .5690

Total brain
homogenates

Stx1 r .0456 .2931 .0553 −.0131 .0106

P .8178 .1300 .7800 .9471 .9572

SNAP25 r .0756 .0873 .0047 .0953 −.0528

P .7020 .6586 .9809 .6294 .7894

VAMP r .0056 .3601 .0531 .3822 .1750

P .9772 .0598 .7885 .0447 .3730

Munc18-1 r .1714 −.2161 −.0819 −.0822 −.1220

P .3833 .2693 .6787 .6774 .5364

Cplx1 r −.0891 .1912 −.1885 .3939 −.1640

P .6521 .3299 .3366 .0381 .4043

Cplx2 r .0452 −.1418 −.0162 .0269 −.0040

P .8195 .4716 .9348 .8918 .9838

a
Pearson’s correlation ‘r’ and ‘p’ values were obtained confronting data from SDS-PAGE-quantified proteins (across rows) and BN-PAGE-

quantified complexes (across columns) in total homogenates and/or SNAP25 co-IP samples from the OFC (BA 10/47) of schizophrenia and control 
subjects in Cohort 1 (n = 28).
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