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Abstract

Background—Impaired glutamatergic signaling is believed to underlie auditory cortex
pyramidal neuron dendritic spine loss and auditory symptoms in schizophrenia. Many
schizophrenia risk loci converge on the synaptic glutamate signaling network. We therefore
hypothesized that alterations in glutamate signaling protein expression and co-expression network
features are present in schizophrenia.
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Methods—Gray matter homogenates were prepared from auditory cortex grey matter of 22
schizophrenia and 23 matched controls, a subset of whom had been previously assessed for
dendritic spine density. 155 selected synaptic proteins were quantified by targeted mass
spectrometry. Protein co-expression networks were constructed using Weighted Gene Co-
Expression Network Analysis.

Results—Proteins with evidence for altered expression in schizophrenia were significantly
enriched for Glutamate Signaling Pathway proteins (GRIA4, GRIA3, ATP1A3 and GNAQ).
Synaptic protein co-expression was significantly decreased in schizophrenia with the exception of
a small group of postsynaptic density proteins, whose co-expression increased and inversely
correlated with spine density in schizophrenia subjects.

Conclusions—We observed alterations in the expression of Glutamate Sgnaling Pathway
proteins. Among these, the novel observation of reduced ATP1A3 expression is supported by
strong genetic evidence indicating it may contribute to psychosis and cognitive impairment
phenotypes. The observations of altered protein network topology further highlights the
complexity of glutamate signaling network pathology in schizophrenia and provides a framework
for evaluating future experiments to model the contribution of genetic risk to disease pathology.

Keywords
Schizophrenia; Postmortem; Auditory Cortex; Proteomics; Glutamate; Spine

Background

Individuals with schizophrenia (SCZ) display auditory symptoms associated with altered
activation of the primary auditory cortex (Al) including auditory hallucinations(1-5).
Additionally, they manifest impairments in the processing of sensory information within the
Al that contribute to disease burden. For example, a reduction in the ability to discriminate
tones(6-9) impacts interpretation of spoken emotion (prosody)(10, 11), impairing social
cognition(12, 13). Likewise, deficits in auditory event-related potentials, such as reduced
amplitude of mismatch negativity, are present in SCZ(6, 7, 14, 15). Impairments in tone
discrimination and mismatch negativity are correlated and likely involve the same
intracortical circuits(8) in Al layer 3(16, 17).

Several lines of evidence suggest that disrupting glutamate signaling in the Al can induce or
exacerbate these auditory impairments. NMDA receptor antagonists produce reductions in
mismatch negativity amplitude in normal human subjects, non-human primates(17), and
mice(18-20). Similarly, NMDA receptor antagonists exacerbate psychotic symptoms in
individuals with schizophrenia, including recurrence (or intensification) of auditory
hallucinations(21). The role of glutamate signaling network impairments in SCZ is
supported by findings that postsynaptic genes involved in NMDA and AMPA receptor
signaling are significantly enriched for mutations in disease(22-25). However, these SCZ
risk genes have not yet been linked specifically to auditory impairments in SCZ, despite
evidence for heritability of some of these impairments(26).

Structural impairments of glutamatergic layer 3 pyramidal neurons, such as reduced
dendritic spine density, are among the most consistently observed findings in postmortem
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studies of individuals with SCZ(27) and have been reported in multiple brain regions,
including Al(28-36). As dendritic structural features are critical for signal processing(37—
40), it has been postulated that this spine loss underlies the Al processing deficits observed
in SCZ. Not surprisingly then, numerous studies have demonstrated that attenuating pre- or
post- synaptic glutamate signaling can decrease dendritic spine density(41-45). Surgical
deafferentation of glutamatergic projections(43-45), or knockout of glutamate release
proteins, results in decreased density of spines(46, 47). Postsynaptically, pharmacological
blockade or knockout of glutamate receptors (AMPA or NMDA\) results in decreased spine
density(41-45), as does decreasing levels of the NMDA receptor co-agonist d-serine(48).

We therefore hypothesized that alterations in glutamate signaling protein expression are
present in the Al of SCZ subjects. In addition, as emerging genetic data indicate that many
SCZ-associated loci converge on the glutamate signaling network, we further hypothesized
that alterations in network features would also be present in the Al of SCZ subjects. We
tested these hypotheses using a Liquid Chromatography - Selected Reaction Monitoring/
Mass Spectrometry (LC-SRM/MS) targeted proteomics approach (49), to quantify the
expression of 155 synaptic proteins in Al grey matter homogenates from 22 SCZ and 23
matched control subjects. Functional Gene Annotation analysis in DAVID(50), was used to
determine if proteins with altered expression were enriched for terms related to function and
cellular compartment, while Weighted Gene Co-expression Network Analysis (WGCNA)
was used to investigate patterns of co-regulated protein expression. Differentially expressed
proteins were enriched for the Gene Ontology term Glutamate Sgnaling Pathway. Analysis
of protein co-expression network topology revealed a significant loss of correlated protein
expression in SCZ. The exception to this loss was a small module of post-synaptic density
proteins whose co-expression increased in SCZ. The averaged expression of these proteins
was significantly inversely correlated with spine density, in the subset of SCZ subjects for
which Al layer 3 spine density had previously been determined(51).

Brain specimens from all subjects were obtained during autopsies conducted at the
Allegheny County Office of the Medical Examiner after receiving consent from the next-of-
kin. An independent panel of experienced clinicians made consensus Diagnostic and
Statistical Manual of Mental Disorders Fourth Edition (DSM-1V) diagnoses using a
previously described method(52). 22 subjects diagnosed with SCZ and 23 control subjects
for which total protein extracted from Al gray matter was available were studied. Every
effort was made to balance these two groups by age, sex, race, and PMI (Table 1,
Supplemental Table S1). Control subjects underwent identical assessments and were
determined to be free of lifetime psychiatric illness. Procedures were approved by the
University of Pittsburgh Institutional Review Board and Committee for Oversight of
Research Involving the Dead.
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Rhesus Monkeys

The tissue utilized here has been extensively described elsewhere(53, 54). Briefly: Rhesus
monkeys (3-8 years of age) were randomly assigned to one of three treatment groups:
vehicle (5 male, 5 female), clozapine 5.2 mg/kg daily (5 male, 5 female), haloperidol 0.14
mg/kg daily (5 male, 5 female). Later a fourth group was treated with a higher dose of
haloperidol 2.0 mg/kg twice daily (4 male, 4 female). Drugs were administered in either
peanut butter or fruit treats and all animals were treated for six months.

Sample preparation and LC-SRM/MS

Human—Grey matter was harvested as previously described(55, 56): Tissue slabs
containing the superior temporal gyrus with Heschl’s Gyrus (HG) located medial to the
planum temporal were identified, and the superior temporal gyrus removed as single block.
The samples were then distributed in a block design for preparation and analysis to evenly
distribute SCZ and control samples and blind the experimenters during sample preparation,
analysis, and peak integration. Grey matter was collected from HG by taking 40 pm
sections, and frozen at —80°C(55). Total protein was extracted using SDS extraction buffer
(0.125 M Tris—HCI (pH 7), 2% SDS, and 10% glycerol) at 70 °C, and protein concentration
measured by bicinchoninic acid assay in triplicate (BCA™ Protein Assay, Pierce). 20 pg of
these grey matter homogenates were mixed with 10 pg of Lysine 13Cg Stable Isotope
Labeled Neuronal Proteome Standard (13C¢STD) and processed for LC-SRM/MS analysis
by on-gel trypsin digestion as previously described(49). Variability of peptide and protein
quantification was assessed as described in MacDonald et al. 2013(49). Briefly, four 10 ug
aliquots from the same Al grey matter homogenate were prepared and analyzed by LC-
SRM/MS. For details on LC-SRM/MS, see Supplemental Methods.

Statistical Analysis

For each peptide light/heavy ratio, an Analysis of Covariance (ANCOVA) model was fitted
to compare SCZ versus control. Age, postmortem interval (PMI), and assay group were
adjusted in the model. In addition, there was a small, albeit statistically significant difference
in pH between groups, so pH was also included in the model. The ratio (between SCZ and
control) and the corresponding p-value were reported from each ANCOVA analysis. Similar
analysis was performed for each protein abundance measure as well.

Pathway Analysis

Proteins were ranked by the p-value from the above ANCOVA analysis. Proteins with a p-
value < .1, indicating suggestive evidence for differential levels in SCZ, were identified
(Table 2). The ranked protein list was then submitted, as a list of official gene symbols, to
the DAVID Functional Annotation Tool(57), and searched for Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway and gene ontology (GO) term enrichment. In a first analysis
the human genome was used as the background, in a second the full list of quantified
proteins, submitted as non-redundant International Protein Index (IPI) identification
numbers, served as the background to increase stringency.
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Network Analyses

Results

Co-expression networks were constructed by adapting the Weighted Gene Co-expression
Network Analysis (WGCNA) approach(58) to study the synaptic proteome network
alterations in SCZ using protein measures. Two separate networks, one for SCZ and one for
control, were then visualized with nodes representing proteins and edges determined by
pairwise correlations between protein abundance measures (Figure 1). The tuning
parameters of these two networks were set to the same values (e.g., the power of the co-
expression similarity, the minimum model size and etc.) to allow for a fair comparison of
network topologies between the two cohorts. Specifically, weighted node connectivity
ranged between 0 and 1 with a higher value indicating stronger connectivity between a
protein and the rest of all proteins in the network. 0.15 was chosen as a cut off for inclusion
in the visualized network, yielding roughly 15% of proteins assayed appearing in the SCZ
network. WGCNA identified distinct modules within the networks. Module membership
was characterized for Gene Ontology terms by functional enrichment using DAVID(57) and
for cellular compartment enrichment using data from our previous analysis of synaptic
microdomain protein enrichment in human postmortem brain tissue using Fisher’s exact
test(49).

Detailed descriptions of Rhesus monkey tissue preparation, LC-SRM/MS, protein/peptide
selection, and data processing can be found in Supplemental Methods.

Analytical Precision

The mean coefficient of variation (CV) for protein quantification was 2.6% (Supplemental
Figure S1). Analytical CVs for significantly differentially expressed proteins are reported in
Table 2.

Differentially expressed proteins and pathways

Out of the 289 peptides from 180 proteins assayed, 223 peptides from 155 proteins survived
peptide quality control as described above. Of these 155 proteins, 17 proteins showed
suggestive evidence for differential levels in SCZ (p-value < 0.1, Table 2, for p-values of
individual peptides see Supplemental Table S2). Functional annotation analysis in
DAVID(57) revealed that this list was significantly enriched for the GO term Glutamate
Signaling Pathway (GRIA3, GRIA4, ATP1A3, and GNAQ, p = 2.5E75, Benjamini—
Hochberg q = 1.5E73). This GO pathway is narrowly defined by glutamate receptors and
their immediate signaling partners. Results remained unchanged when using a p-value <
0.05 to select proteins for DAVID analysis. A more stringent DAVID analysis of the p-value
< 0.1 list, limiting the background to the 155 synaptic proteins assayed, continued to identify
significant enrichment of the same proteins/pathway (p = 0.0021, Benjamini—-Hochberg q =
0.02).

Co-expression network analysis

We first calculated the co-expression between all pairwise proteins for the SCZ and control
cohorts separately (Supplemental Figure S2A & B) and then constructed co-expression
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networks (Figure 1 A & B, Supplemental Table S3). The control network was composed of
three distinct modules (Figure 1A). The Blue module was enriched for the GO term Clathrin
Coated Vesicle Membrane (p = 0.037) and a significant number of the proteins were
enriched in vesicular membrane biochemical fractions (Fisher’s Exact p = 0.0041). The
Turquoise module was enriched for the GO terms NAD or NADH Binding (p = 0.025) and
Catabolic Process (p = 0.062) and a significant number of its proteins were enriched in
cytoplasmic fractions (Fisher’s Exact p = 0.0001). The Brown module was enriched for the
GO Term Regulation of Cell Death (p = 0.029).

Visual inspection of the two networks suggests that the control network is larger and more
interconnected than the SCZ network. This observation was borne out by formal testing of
node connectivity: The distribution of Node Degree scores for all proteins was plotted
(Supplemental Figure S3A), where Node Degree equals the number of connections each
protein has to other proteins within the visualized network (Figure 1). Next, the difference in
Node Degree between control and SCZ for each protein was calculated and plotted
(Supplemental Figure S3B). The mean Node Degree difference between control and SCZ
was —1.8. Finally, the mean Node Degree differences calculated from 1000 permutations of
subject diagnosis was calculated and plotted (Supplemental Figure S3C), revealing that a
mean Node Degree difference of —1.8 is significant (Ppermuted = 0.015). The difference in
Node Degree scores between the SCZ and control networks was also calculated for
individual proteins (Supplemental Tables S4 and S5). Significance of these differences was
calculated using the same permutation statistic described above. 18 proteins in the control
network had significant increases in Node Degree relative to their corresponding values in
the SCZ network (Supplemental Table S4).

The exception to this overall reduction in connectivity in SCZ was the Red module, present
in SCZ, but not in control (Figure 1B). DAVID analysis of the 4 core Red module proteins
revealed them to be enriched for the GO term Postsynaptic Density (p = 0.004). In the SCZ
network, three proteins had significantly increased Node Degrees relative to the control
network, two of which, ANK1 and ANK2, are members of the Red module unique to the
SCZ network (Figure 1B, Supplemental Table S5). To further explore this emergent module,
the threshold of node connectivity parameter was loosened (from 0.15 to 0.1), resulting in
the visualization of additional proteins co-expressed with the 4 core proteins of this module
(Figure 2A). The average expression of proteins in this module was plotted against spine
density in 16 SCZ and 16 control subjects for which we have that data (Figure 2B and 2C).
This comparison revealed a significant negative correlation between average protein
expression and spine density (r = -.72, p = 0.0018) in SCZ (Figure 2B), but not controls
(Figure 2C). Functional annotation analysis of this expanded Red module in DAVID
returned enrichments for the Gene Ontology terms Cytoskeleton (p = 0.00076) Synapse (p =
0.014), and Postsynaptic Density (p = 0.03).

Antipsychotic Drug Treated Rhesus Monkeys

Expression of the four Glutamate Signaling Pathway proteins altered in SCZ (GRIA3,
GRIA4, ATP1A3, and GNAQ) was investigated in cerebral cortex tissue of antipsychotic
treated monkeys to determine if neuroleptics could explain these differences. GRIA4
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expression levels, decreased in SCZ, were not impacted by haloperidol in rhesus monkeys
and were significantly increased by clozapine (Figure 3A). GRIA3 showed a similar pattern,
although the increase by clozapine did not reach significance (Figure 3B). ATP1A3
expression, also decreased in SCZ, was significantly increased by both clozapine and
haloperidol (Figure 3C). GNAQ, increased in SCZ, was unchanged by clozapine and
showed a trending significant decrease by haloperidol (Figure 3D).

Role of other potential confounds

In addition to antipsychotic medication, several other potential confounding factors were
present in this cohort, including smoking tobacco, death by suicide, alcohol, substance abuse
at time of death, and schizoaffective disorder. We did not observe a significant effect of any
of these factors on the expression of the top proteins (Supplemental Table S6).

Discussion

We hypothesized that alterations to glutamate signaling protein expression and protein
network features would be present in the Al of SCZ patients. Indeed, we observed altered
expression of Glutamate Sgnaling Pathway proteins, and global synaptic protein co-
expression was decreased in SCZ. However, network analysis also revealed increased
expression and co-expression of glutamate-to-cytoskeleton signaling proteins as spine
density decreased in SCZ. These findings were enabled by the unique perspective obtained
from the concurrent quantification of 155 synaptic proteins and highlight the complexity of
altered glutamate signaling in SCZ. Some of these changes are likely pathological,
contributing to dendritic spine loss and auditory impairments in SCZ, while others may
represent compensatory mechanisms.

Potential Caveats

First, we utilized a multiplexed approach to protein measurement, raising the possibility that
multiple hypothesis testing could contribute to false positives in our findings. Thus, it should
be noted that the pathway analysis finding that Glutamate Signaling Pathway proteins are
amongst the most differentially expressed proteins survives formal correction for multiple
hypothesis testing. Similarly, the permutation analysis of network connectivity is not subject
to this limitation. Second, protein studies in human postmortem brain tissue are subject to
potential confounding by the effect of technical factors such as PMI, clinical factors that
vary within SCZ subjects such as suicide, schizoaffective disorder, and treatment history,
and difficulty in matching control tissues on other potential variables such as tobacco and
substance use. We used three approaches to attempt to mitigate these concerns. First, the
SCZ cohort was matched as closely as possible to the control cohort on PMI and
demographic factors (Supplemental Table S1). We have previously validated the stability of
the proteins assayed by the LC-SRM/MS at a PMI of up to 24 hours(49), and our subjects
did not significantly differ on this parameter. Second, we conducted post-hoc analyses to
evaluate the effects of other potential confounds, and did not find an association of altered
expression with tobacco use, suicide, substance abuse, schizoaffective disorder, or history of
antipsychotic use in our subjects (Supplemental Table S6). Finally, to further control for the
effects of antipsychotics on protein expression we utilized cortex tissue from monkeys
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treated for 6 months with haloperidol or clozapine. The results of this experiment indicate
that the differential expression of Glutamate Sgnaling Pathway proteins in SCZ is not likely
attributable to therapeutic intervention. Indeed, antipsychotic drug treatment induced
changes to GRIA4, ATP1A3 and GNAQ in reverse of those observed in SCZ (Figure 3),
which may represent a possible therapeutic mechanism of action.

Glutamate Signaling Pathway Proteins

GRIA3 and GRIA4, the two most significantly dysregulated proteins in SCZ, are subunits of
the hetero-tetramer ionotropic AMPA glutamate receptor(59, 60). AMPA receptor levels at
the synapse are essential for long term potentiation (LTP) and spine maintenance(61). Thus
the loss of these proteins could contribute to impairments in both. Indeed, evidence for
altered AMPA receptor trafficking in SCZ has previously been observed in the frontal
cortex(62). Furthermore, GRIA3 polymorphisms have been associated with increased risk
for SCZ(63). In addition, GRIA3 mutations are a cause of intellectual disability(64), a
syndrome that shares genetic risk with SCZ(65). Reduced GRIA3 (but not GRIA4) mRNA
expression has previously been reported in thalamus in SCZ, but was not found to be
reduced in prefrontal cortex(66, 67). Because most of the AMPA receptor population is
localized somatodendritically(68), it is unlikely that thalamic projections to Al are the
source of the reductions in GRIA3 protein we identified.

ATP1A3 is one of three alpha subunit variants of the ATP dependent NA*/K* transporting
channel expressed in the brain(69). ATP1A3 expression is neuron-specific, and is essential
for returning neurons to the resting membrane potential after repeated firing(70). Decreased
expression of ATP1A3 mRNA and protein in the prefrontal cortex has been observed in
SCZ(71, 72). Rare mutations to ATP1A3 were recently identified as contributing to a
polygenic burden for SCZ risk converging on the activity-regulated cytoskeleton-associated
scaffold protein complex in the postsynaptic density(22). Mutations in ATP1A3 that reduce
protein expression or activity are also strongly linked to rapid-onset dystonia-parkinsonism
(RDP)(73, 74). The onset of RDP bears some similarities to that of first psychotic episodes
in SCZ, including precipitation by an acute or sub-acute stressful event, sub-acute onset, and
highest incidence of onset in the second decade of life(74). RDP patients with ATP1A3
mutations also display significant impairments in memory, attention, and executive
function(75). 19% of RDP patients with an ATP1A3 mutation exhibited a psychotic
syndrome characterized by auditory hallucinations(74), which occurred prior to or at onset
of the motor symptoms. Indeed, we found that significant reductions in ATP1A3 levels were
restricted to the subgroup of SCZ cases with a history of auditory hallucinations amongst
their symptoms (Supplemental Figure S4).

It is not known if ATP1A3 reductions can induce glutamate signaling protein network
abnormalities such as those we observed, or dendritic spine loss. However, ATP1A3 is
present at dendritic spines(76, 77) where it interacts with PSD95(76, 77) and regulates
transient Na* currents(78, 79), which effect NMDA receptor phosphorylation and activity
through a src dependent mechanism(79). ATP1A3 +/- mice, in which ATP1A3 protein
reduction is comparable to what we observed in SCZ, display memory impairments,
increased sensitivity to amphetamines, and a 40% reduction in GRIN1 in the hippocampus,
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demonstrating that ATP1A3 reduction impacts psychosis relevant phenotypes and glutamate
signaling protein networks(80). Additionally, there is evidence suggesting that application of
ouabain at concentrations selective for ATP1A3 (relative to ATP1A1) induces degradation
of AMPA receptors via internalization and targeting to the ubiquitin-proteosome system(81).
Thus, it is possible that reduction of ATP1A3 is upstream of the GRIA protein reductions
we observed, a hypothesis that could be tested in the ATP1A3 +/- model. Genetic models of
ATP1A3 and GRIA3 reduction would also provide a robust source for unbiased proteomic
discovery of additional glutamate signaling network alterations that could then be forward
translated into hypothesis testing in human tissue.

In addition to Glutamate Sgnaling Pathway proteins, we observed alterations to additional
molecules previously implicated in SCZ. We have previously observed decreased
GADG65(82) in the Al of SCZ patients. These decreases, measured at layer 3 inhibitory
boutons, were much greater than those observed in whole tissue homogenates(82),
suggesting that alterations to other proteins observed in the present study may be greater
within specific neuronal microdomain. We also observed differences in expression of the
ubiquitin/proteasome pathway proteins UCHL1 and PSMA1, which have previously been
implicated in SCZ(83). These reports further validate the alterations we observed in these
molecules and pathways, and support current interest in them.

Co-expression network topology is altered in SCZ

When protein levels of two genes are correlated across a cohort, they are “co-expressed”.
Proteins that are tightly and mutually co-expressed within a network, referred to as a
module, are often functionally related. Co-expression can result from one or more
coordinated biological functions, such as a shared promoter, chromosomal proximity, shared
degradation, or expression in specific cell populations within the tissue sample(84).
Differences in network features between control and disease cohorts can represent
alterations to one or more of these functions. Thus, they represent a unique way to evaluate a
complex data set in a non-reductionist perspective and have provided valuable insight in a
number of neuropsychiatric diseases(85-87).

Here we used expression data from 155 proteins to construct and compare protein co-
expression networks for SCZ and control cohorts. We observed two significant differences
between these networks. First, global protein co-expression is significantly decreased in the
SCZ cohort (Figure 1, Supplemental Figure S3). This loss of protein co-expression in SCZ
could be due to the loss of coordinated biological activity, such as alterations in the relative
amounts of cell types or neuronal connections in SCZ compared to controls, or a loosening
of gene expression regulation. Alternatively, decreased protein co-expression in the SCZ
population, compared to controls, could be due to the heterogeneity of the disease itself.
That is, the SCZ cohort studied here could include a number of disease subtypes each with a
distinct co-expression network topology.

Second, we observed an emergent module in the SCZ group not present in the controls
(Figure 1). Functional Gene Annotation analysis strongly suggests that the extended
construct of this emergent module is involved in the transduction of glutamate signals to the
cytoskeleton within spines. Indeed, this extended module includes DLG4 (PSD95) and
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SYNGAP, two of the most abundant proteins in the postsynaptic density(88). Additionally,
all of the core proteins in the emergent module are also highly enriched in postsynaptic
structures within spines(49), serving to link scaffolding proteins, such as DLG4, to the
cytoskeleton. The average expression values of the extended emergent network were
significantly inversely correlated with spine density in SCZ, but not controls (Figure 2),
indicating that this module has a disease specific relationship to the pathology of spine loss.
This module could be the result of an attempted compensatory mechanism, activated in face
of spine loss in SCZ. Alternatively, pathological impairments in coordinated protein
degradation could also explain this observation as proteasome activity regulates postsynaptic
density protein abundances(89) and is essential for both spine formation and retraction(90,
91).

Conclusion

This is the first study utilizing a targeted proteomics approach to identify aberrant glutamate
signaling protein network features and link them to spine loss in SCZ. Future studies to
investigate if these alterations are unique to the Al or present in other brain areas implicated
in disease are needed. Furthermore, additional studies will be required to enhance the
interpretation of these findings by examining whether they are global or cell type specific
changes. For example, GRIA3 is expressed post-synaptically in both glutamatergic and
gabaergic neurons,(68) such that the effects of reduced expression will differ substantially if
only one cell population is affected. Multiple label quantitative fluorescence microscopy
provides one approach to relative quantification of selected protein levels with cell type
specificity(82, 92-94). In addition, circuitry and function in the cerebral cortex, including
Al, has a laminar organization(95), and the cytoarchitecture of layer 3 may be more affected
than others in SCZ(34). Collection and subsequent LC-SRM/SRM analysis of individual
grey matter layers by laser capture is feasible(96, 97), and would enhance discovery of
protein alterations linked to layer-specific abnormalities. Thus, combining layer-based
proteomic discovery with follow-up multiple label quantitative fluorescence microscopy
evaluation would provide a robust approach to evaluating protein alterations in post-mortem
tissue, allowing for the construction of more detailed reverse genetic models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protein co-expression is altered in the Al of SCZ
Protein co-expression networks were constructed for control (A) and SCZ (B) cohorts. Each

node (circle) represents a protein. Color denotes membership in module as defined by
connectivity. Node sizes are proportional to proteins’ degree of connectivity. Line weights
represent between-protein correlations. SCZ and control networks are rendered on same
scale. Only proteins with a weighted Node connectivity > .15 were included the networks.
The three modules composing the control network are characterized by function/
compartment. Blue: vesicular, Turquiose: Catabolism/Cytoplasm, Brown: Apoptosis. Two
of these modules are conserved, albeit smaller and less connected, in the SCZ network. The
Red module, composed of postsynaptic density proteins, is unique to SCZ. The SCZ
network had lower global connectivity (p=0.015). Network/Module membership is reported
in Supplemental Table 3.
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Figure 2. Schizophrenia Specific Module

A. shows a visualization of the SCZ specific Red module from Figure 2 with the Node
Degree Requirement for visualization loosened to 0.1. B. shows the average expression of
the proteins comprising this module plotted against spine density in the SCZ cohort, and C.

the same for the control cohort.
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Figure 3. Chronic Antipsychotic Drug Treatment Effects on Glutamate Signaling Pathway

Proteins in Rhesus Monkeys

Rhesus monkeys were treated for six months with vehicle, haloperidol or clozapine. Protein
expression in grey matter homogenates was measured by LC-SRM/MS. Error bars: standard

error of the mean; #: p < 0.01 vs vehicle, *: p < 0.05 vs vehicle.
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Table 1

Summary of Subject Characteristics

There were no diagnostic group differences in age, sex, postmortem interval, storage time, or in the

Page 19

distribution of handedness between the diagnostic groups. There was a small but significant difference in pH.

Control Schizophrenia p

N 23 22
Mean Age (SD) 45.8 (11.3) 47.2 (13.7) 0.71

Range 19-67 25-71
Sex (F/M) 5/18 5/17
Handedness (R/L/M/U) 21/2 14/3/1/4
PMI (SD) 17.9 (6.6) 18.9 (8.1) 0.64
Storage Time, mos (SD) 130 (43) 126 (37) 0.69
pH(SD) 6.7 (0.3) 6.5 (0.3) 0.045
Suicide, N (%) 7 (32%)
Schizoaffective, N (%) 7 (32%)
Alcohol/Substance abuse ATOD, N (%) 15 (68%)
Antipsychotic AT OD, N (%0) 19 (86%)

A, ambidextrous; F, female; L, left-handed; M, male; PMI, postmortem interval; R, right-handed; U, unknown.
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Differentially expressed proteins in Al gray matter homogenates, as measured by L C-
SRM/MS

Proteins are denoted by common gene symbols. All proteins with an ANCOVA p-value < 0.1 are shown.

Bolded proteins are members of the Glutamate Sgnaling Pathway.

Protein SCZI/CTL P Ccv
GRIA4 0.69 0.0004 | 0.123
GRIA3 0.72 0.0139 | 0.032
ATP1A3 0.93 0.0189 | 0.022
PHB2 0.95 0.0323 | 0.012
UCHL1 11 0.0412 | 0.008
VIM 0.9 0.0425 | 0.02
HSP90B 0.89 0.0576 | 0.043
PSMA1 11 0.0594 | 0.007
GADG65 0.9 0.0598 | 0.063
GNAQ 1.2 0.0611 | 0.042
NDUFV1 0.93 0.0662 | 0.022
SYN1 0.88 0.0696 | 0.019
PRKCA 0.86 0.0792 | 0.006
pPC 0.77 0.0831 | 0.063
DNM1 1.13 0.0899 | 0.024
CTNNB1 1.12 0.092 | 0.009
ATP5A1 0.93 0.0923 | 0.019

CTL- Control. CV- coefficient of variation.
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