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Abstract
Background—Schizophrenia is a chronic, severe mental illness with profound emotional and
economic burdens for those afflicted and their families. An increasing number of studies have found
that schizophrenia is marked by dysregulation of glutamatergic neurotransmission. While numerous
studies have found alterations of postsynaptic molecules in schizophrenia, a growing body of
evidence implicates presynaptic factors. Vesicular glutamate transporters (VGLUTs) have been
identified and are known to package glutamate into vesicles in the presynaptic terminal for subsequent
release into the synaptic cleft. Recent studies have shown that VGLUTs regulate synaptic activity
via the amount of glutamate released. Accordingly, we hypothesized that VGLUTs are altered in
schizophrenia, contributing to dysfunction of presynaptic activity.

Methods—Using in situ hybridization and Western blot analysis, we investigated alterations in
VGLUT1 and VGLUT2 transcript and protein expression in the anterior cingulate cortex (ACC) and
dorsolateral prefrontal cortex (DLPFC) of subjects with schizophrenia and a comparison group.

Results—We found increased VGLUT1 transcript and reduced VGLUT1 protein expression in the
ACC, but not DLPFC, in schizophrenia. VGLUT2 was unchanged at both levels of gene expression.
We did not find changes in VGLUT1 mRNA or protein levels following 28 day treatment of rats
with haloperidol (2 mg/kg/day), suggesting that our findings in schizophrenia are not due to an effect
of antipsychotic treatment.

Conclusions—Overall, our data suggest decreased glutamate release in the ACC, as well as
discordant regulation of VGLUT1 expression at different levels of gene expression.
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Introduction
The glutamate hypothesis of schizophrenia is based, in part, on the observation that
phencyclidine (PCP) and other antagonists of the NMDA subtype of glutamate receptor can
induce both positive and negative symptoms resembling schizophrenia in healthy subjects and
exacerbate these symptoms in patients with this illness [1,2]. Evidence of brain glutamate
receptor dysfunction in schizophrenia itself has been deduced from in vivo studies finding
altered glutamate and glutamate metabolite levels, from postmortem studies finding altered
levels of glutamatergic enzymes, transporters, and receptors, and from clinical studies
demonstrating attenuation of some schizophrenic symptoms following treatment with NMDA
receptor co-agonists [3].

The predominantly postsynaptic localization of NMDA receptors led to the refinement of the
glutamate hypothesis to include abnormalities of postsynaptic neurotransmission and
signaling. Another refinement of the hypothesis was introduced with the discovery that
alterations in glutamatergic transmission were not only post-synaptic, but pre-synaptic. For
example, abnormalities of several proteins involved in fusion of synaptic vesicles to the plasma
membrane and exocytosis have been found in postmortem studies[4–9]. These studies indicate
that the presynaptic component of glutamatergic synapses may be abnormal in schizophrenia
and suggest deficiencies in the molecular machinery that facilitates glutamate release into the
synaptic cleft. To explore this hypothesis, we evaluated the expression of critical components
of the presynaptic terminal, the vesicular glutamate transporters (VGLUT), in schizophrenia.

Three distinct vesicular transporters (VGLUT1–3) have been cloned and characterized [10–
14]. VGLUT3 expression is restricted to some cholinergic neurons in the striatum,
serotoninergic neurons in the raphe nuclei, and scattered glutamatergic neurons throughout the
brain and will not be considered further [15]. VGLUT1–2 are heterogenously expressed in the
brain, and are associated with molecular correlates of synaptic plasticity such as long-term
potentiation (LTP) [12]. Alterations in synaptic activity can be induced by the modulation of
the amount of glutamate released from synaptic vesicles and VGLUT-mediated transport of
glutamate into vesicles for their subsequent release into the synaptic cleft is a pivotal control
point for normal synaptic activity [16–20]. Thus, the expression levels of VGLUT mRNA and
protein may approximate the relative strength of presynaptic innervation for a given brain
region. The essential role of VGLUTs in the presynaptic terminal, combined with postmortem
data in schizophrenia indicating alterations in the molecular machinery that facilitates
glutamate release suggest that the VGLUTs are a high yield target for study in this illness.
Accordingly, we hypothesized that there are region and gene specific decreases in VGLUT
expression in schizophrenia, suggesting decreased presynaptic innervation. To test this
hypothesis, we measured mRNA and protein expression for VGLUT1 and VGLUT2 in the
ACC and DLPFC in schizophrenia.

Materials and Methods
Tissue acquisition and preparation

Postmortem brain tissue from patients with schizophrenia and a non-psychiatrically ill
comparison group was obtained from the Mount Sinai Medical Center Brain Bank. Subjects
were matched for age, postmortem interval (PMI) and pH. The medical records of the subjects
designated as controls were examined using a formal blinded medical chart review instrument
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as well as in person interviews with the subjects and/or their caregivers. The subjects were
evaluated for NINCDS-AIREN criteria for a diagnosis of vascular dementia; NINCDS,
DSMIV and CERAD diagnosis of dementia; Consensus criteria for a clinical diagnosis of
Probable or Possible diffuse Lewy body disease; UPDRS for Parkinson’s disease; clinical
criteria for diagnosis of Frontotemporal dementia; medical history of psychiatric disease;
history of drug or alcohol abuse; and other tests of cognitive function including the MMSE
and CDR. In addition, each brain tissue specimen was examined neuropathologically using
systematized macro- and microscopic evaluation using CERAD guidelines. Since the patients
in our cohort were elderly at the time of death, many of the subjects have the cognitive
impairment associated with aged subjects with schizophrenia [21–23]. All samples were
derived from the left side of the brain. Subjects with schizophrenia were diagnosed with this
illness for at least 30 years. Characteristics of the subjects are summarized in Tables 1 and 2.
8 subjects with schizophrenia and 5 control subjects were in both sets of experiments. Brains
were obtained after autopsy and cut coronally into 10 mm slabs and frozen until further
dissection. ACC (Brodmann areas 24 and 32) and DLPFC (Brodmann areas 9 and 46) were
dissected from coronal slabs, snap frozen and kept at −80°C until further processing.

In situ hybridization
In situ hybridization was performed as previously described [14,24]. Since our human
VGLUT2 probe did not specifically label rat tissue a rat VGLUT2 subclone (U07609; 210–
800) was prepared from a rat brain library. Sections were exposed to film for 4 days for
VGLUT1 in both the ACC and DLPFC, 23 days for VGLUT2 in the DLPFC, and 21 days for
VGLUT2 in the ACC. In the rodent studies, films were developed after 5 days for VGLUT1
and 6 days for VGLUT2.

Western blot analysis
Antibodies—We used mouse monoclonal anti-human VGLUT1 (1:2,000 dilution) and
VGLUT2 (1:1,000) antibodies from Synaptic Systems and B-tubulin (1:4,000) antibody from
Upstate for our western blot studies [25,26]. We normalized VGLUT1 and VGLUT2
expression to B-tubulin protein levels for each sample.

Tissue acquisition and preparation—Approximately 1 cm3 of frozen tissue was first
pulverized, then homogenized (10% W/V) in 50mM Tris-HCl (pH 7.0) for 30 sec with a
polytron homogenizer and stored at −80°C in 0.5 ml aliquots. Dissection of cortical tissue for
our western blot studies was performed with the aim of including grey matter only. However,
because the dissections are done from tissue blocks and not from cryostat sections, the inclusion
of some small amount of white matter cannot be completely excluded. Samples were prepared
and Western blot analyses were performed as previously described [27]. Prior to examining
VGLUT protein expression in schizophrenia, we first tested our VGLUT1, VGLUT2, and B-
tubulin western blot assays using varying concentrations of total protein of human cortical
tissue homogenate. These control studies demonstrated that our assay is linear for the protein
concentrations used in our ACC (20 ug) and DLPFC (25 ug) protein studies.

Animal studies—The Institutional Animal Care and Use Committee approved all animal
procedures. Adult male rats (Sprague-Dawley, 250 g) received daily subcutaneous injections
of haloperidol (2 mg/kg) or vehicle (acidified DMSO) for 28 consecutive days (n = 10 per
group for in situ hybridization, n = 8 per group for Western blot analysis). Twenty-four hours
following the last injection, animals were sacrificed, brains were rapidly removed, snap frozen
in isopentane, and cryostat sectioned (15 um) for in situ hybridization or dissected for Western
blot analysis. For the rat in situ hybridization studies we measured gray scale values across the
full thickness of all cortical layers and analyzed the data as described below. For the rat Western
blot studies we used the same antibodies and assay conditions as described above.
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Data analysis—Images of each slide were captured with a CCD based imaging system using
Scion Image 4.0.2 software. For in situ hybridization, we analyzed the data in two ways; 1) we
measured gray scale values across the full thickness of all cortical layers (II–VI), and 2) we
obtained gray scale values of individual isodense bands for each subject (4 isodense bands for
VGLUT1 and 3 for VGLUT2). Gray scale values, corrected for tissue background, were
averaged to generate one value for each region per subject or animal and converted to optical
density (OD). For Western blot studies, gray scale values were measured for protein bands at
the expected molecular weight. The membrane background was subtracted and the adjusted
gray scale values were converted to OD, and multiplied by the area of each band. Duplicate
samples in adjacent lanes were averaged. The OD × area values for VGLUT1 or VGLUT2
were normalized to β-tubulin.

Statistical analysis—All statistical analyses were performed using Statistica (StatSoft,
Tulsa, OK). Correlation analysis was performed for both in situ and Western blot studies to
analyze associations between gene expression and age, postmortem interval (PMI), and pH.
We analyzed mRNA expression using ANOVA with diagnosis and isodense bands as
independent variables and optical density as the dependent variable. For analysis of mRNA
expression across the full cortical thickness, we analyzed mRNA expression using ANOVA
with diagnosis as an independent variable and optical density as the dependent variable. We
analyzed protein expression using ANOVA with diagnosis as an independent variable and
VGLUT/tubulin ratio as the dependent variable. When significant associations were found by
regression analysis, analysis of covariance (ANCOVA) was used instead of ANOVA. For all
animal studies, ANOVA was performed for each region for each gene product with drug
treatment (haloperidol or vehicle) as the independent variable. Alpha = 0.05 for all analyses.

Results
VGLUT transcript expression in schizophrenia

VGLUT1 transcripts were seen in four distinct isodense bands in the ACC and DLPFC,
spanning cortical layers II–VI (Figure 1), while VGLUT2 expression was localized in three
distinct isodense bands. Isodense band 1 for VGLUT1 mRNA expression corresponds to
cortical layers II and III, isodense band 2 to layer III and V in the ACC and III and IV in the
DLPFC, isodense band 3 to layer(s) V in the ACC and IV and V in the DLPFC, and isodense
band 4 to layers V and VI. For VGLUT2 mRNA expression, isodense band 1 corresponds to
layers II–III, isodense band 2 to layer III in the ACC and III and IV in the DLPFC, and isodense
band 3 to layers V and VI.

Regression analysis showed no association between VGLUT1 transcript expression in the
DLPFC and age or pH, but a significant association with postmortem interval (r = 0.27; p <
0.05). Using ANCOVA with PMI as a covariate, we did not find an effect of diagnosis on
VGLUT1 transcript expression in the DLPFC (Figure 1).

In the ACC, we did not detect significant associations between VGLUT1 transcript expression
and PMI or pH, but we did find a significant association with age (r = 0.27; p < 0.05). Using
ANCOVA with age as a covariate, and diagnosis and isodense bands as independent variables,
there was a main effect for diagnosis (F(1,109) = 17.53; p < 0.05) showing increased VGLUT1
transcript expression in the ACC (Figure 1). There was no diagnosis by isodense band
interaction, suggesting that changes in VGLUT1 mRNA expression in this region are not
isodense band specific. Since we found no isodense band specific changes in VGLUT1 mRNA
expression, we also analyzed mRNA expression across the full thickness of the cortex, which
also indicated increased VGLUT1 transcript expression (F(1, 23) = 6.36, p < 0.02) in the ACC
in schizophrenia.
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In the DLPFC there were no significant associations between VGLUT2 and age, PMI, or pH.
There were no differences between diagnostic groups for VGLUT2 transcript expression in
the DLPFC.

In the ACC, we did not find a significant correlation between VGLUT2 transcript expression
and age, but we did for PMI (r = 0.30, p < 0.05) and pH (r = 0.27, p < 0.05). When ANCOVA
was performed using PMI and pH as covariates, no main effect for diagnosis for VGLUT2
expression was found (Figure 1).

VGLUT transcript expression in rats treated with antipsychotics
Since many of the patients with schizophrenia were taking typical antipsychotic medications
at the time of death, we measured the expression of VGLUT transcripts in the cingulate cortex
(CC), frontal cortex (FC), and parietal cortex (PC) from rats treated with haloperidol (Figure
2). We did not detect an effect of drug treatment on expression of either mRNA in these regions
(Figure 2).

VGLUT protein expression in schizophrenia
For both VGLUT1 and VGLUT2, we analyzed a single band at the predicted molecular weight
for each protein. Regression analysis of dependent variables indicated that there were no
associations between VGLUT1 or VGLUT2 protein expression and PMI, pH, or age in the
ACC or DLPFC. We found decreased VGLUT1, but not VGLUT2, protein expression in the
ACC in schizophrenia (F(1, 42) = 5.0321, p < 0.05) (Figure 3). No differences were detected
in either VGLUT1 or VGLUT2 protein expression in DLPFC.

VGLUT protein expression in rats treated with antipsychotics
Using Western blot analysis, we measured the expression of VGLUT1 and VGLUT2 protein
in the frontal (FC) and cingulate cortices (CC) of haloperidol treated rats (Figure 2). We did
not detect an effect of drug treatment on expression of VGLUT1 in FC or CC or VGLUT2 in
CC (Figure 2). We detected a significant decrease in VGLUT2 in FC (F(1, 16) = 11.5, p <
0.005) following haloperidol treatment (Figure 2).

Discussion
Our findings suggest that there are alterations in the presynaptic release of glutamate in the
ACC in this illness (Summarized in Figure 4). Furthermore, the disparate changes in VGLUT1
mRNA versus protein expression suggest that coordination of VGLUT1 gene expression is
altered in this area as well. Numerous reports have implicated the ACC in schizophrenia. The
ACC had the second most abnormally expressed genes in a study using microarray analyses
that examined 15 discrete brain regions [28]. Several other postmortem studies have found
changes in the number of neurons and glia in this region [29–31]. The ACC has also been
implicated in schizophrenia by studies employing functional magnetic resonance imaging
(MRI), high resolution MRI and regional cerebral blood flow [32–35]. Altered glutamate
transmission in this brain area is suggested by the low levels of glutamate and glutamine found
in chronic schizophrenia cases [36]. Our data add to this growing body of evidence implicating
abnormalities of the ACC in the pathophysiology of schizophrenia.

In contrast to our findings in the ACC, we did not detect any changes in VGLUT expression
in the DLPFC. While our study was not sufficiently powered to conclude with statistical
certainty that there were in fact no changes in the DLPFC, our findings are generally consistent
with other studies that have found few changes in presynaptic markers in the frontal cortex
[37,38]. Expression of synaptosomal-associated protein-25 (SNAP-25), syntaxin,
synaptophysin and growth-associated protein-43 (GAP-43) was unchanged, while
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synaptobrevin/vesicle-associated membrane protein (VAMP) expression was increased, in the
PFC in schizophrenia [37]. Another group found no changes in SNAP25 or syntaxin expression
in subjects with schizophrenia who did not commit suicide [38], while expression of
synaptophysin, syntaxin and SNAP25 was unchanged in the PFC in two other studies [39,
40]. Taken together these data suggest that there is not a global change in presynaptic function
in schizophrenia, and that alterations in presynaptic innervation may be found in discrete
cortical regions.

Interpretation of our data is dependent upon the cellular and subcellular distribution of the
VGLUTs in glutamatergic circuits, which has been well characterized. VGLUT1 and VGLUT2
protein expression is generally restricted to synaptic puncta in brain and spinal cord regions
receiving glutamatergic input [41]. VGLUT1 and VGLUT2 are colocalized with the
presynaptic vesicular marker synaptophysin and are clearly segregated from the postsynaptic
dendritic marker MAP2 [41]. The complementary pattern of VGLUT1 and VGLUT2
expression suggests that there are functionally discrete subsets of glutamatergic neurons [42].
In the DLPFC, VGLUT1 transcript and protein are expressed throughout the pyramidal neurons
of layers II–VI, while expression of VGLUT2 mRNA is localized predominantly to layer IV
[42].

In the ACC, we found increased VGLUT1 mRNA expression across the full thickness of the
cortex. Since VGLUT1 mRNA expression in this region in the primate is predominately found
in the soma of pyramidal cells and in some non-pyramidal excitatory neurons (unpublished
observation), our results might indicate a transcript–level compensatory response to decreased
presynaptic glutamate release that is suggested by our finding of decreased VGLUT1 protein
expression in this region. Increased VGLUT1 mRNA could also be secondary to decreased
cortical inhibitory tone, or a reaction to abnormal subcortical input to the ACC. Several studies
have demonstrated abnormalities in GABAergic interneurons in the PFC, while others have
found changes in regions with dense reciprocal innervation from the PFC, such as the thalamus
[24,31,43–47]. For example, transcript expression for VGLUT2 and glutaminase was increased
in the dorsal thalamus in schizophrenia in a study using a different sample from the same brain
bank we used in this study [24,46]. These data suggest increased excitatory thalamocortical
innervation and/or increased release of glutamate. However, in the present study, we did not
detect any alterations in VGLUT2 protein expression in the ACC or DLPFC, suggesting that
changes in thalamic VGLUT2 transcript expression may not be apparent at the protein level
in the regions receiving these thalamic afferent projections.

We also found decreased VGLUT1 protein expression in the ACC in schizophrenia. This result
is discrepant from our finding of increased VGLUT1 mRNA in a similar sample from the same
brain bank. There are several possible explanations for these potentially disparate findings.
Changes in VGLUT1 protein expression could originate from intrinsic excitatory neurons of
the ACC, from extrinsic presynaptic terminals expressing VGLUT1 protein, or both. If the
change in protein expression is in the same population of neurons with increased VGLUT1
mRNA, this would suggest a loss of coordination of mRNA and protein expression in these
cells. This could result from abnormalities of protein synthesis or from an increased rate of
VGLUT1 protein degradation. Alternatively, the loss of VGLUT1 protein could be due to
diminished excitatory input to the ACC from other cortical regions. We did not detect changes
in VGLUT1 transcript or protein expression in the DLPFC, consistent with findings from a
recent study that also found no changes in VGLUT1 protein expression in the PFC (BA 10)
[48]. However, another study has reported decreases in VGLUT1 mRNA expression in the
DLPFC, a region with excitatory projections to the ACC [49]. This study also found decreased
VGLUT1 mRNA in the hippocampal formation, which is part of the efferent leg of limbic
circuitry, that also includes the amygdala and the entorhinal cortex, which projects to the ACC
[49,50]. VGLUT1 mRNA expression has not been evaluated in the amygdala or entorhinal
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cortex in schizophrenia. Another source of excitatory input to the ACC is the thalamus.
However, VGLUT1 mRNA expression is very low in most subcortical structures including the
thalamus [24].

Another possibility for our divergent VGLUT1 findings is a process involving riboswitch
mRNA [51,52]. These specialized RNA molecules containing structures called aptamers have
been found to regulate mRNA expression by sensing the need for their protein product [51,
52]. If present, riboswitch mRNA in anterior cingulate cortex neurons might detect a decrease
in VGLUT1 protein, and initiate increased VGLUT1 transcription.

In must also be considered that changes in VGLUT1 mRNA or protein expression could be in
non-neuronal cells. While VGLUT expression was originally reported in neurons, astrocytic
expression of VGLUTs has not been evaluated in postmortem tissue, but several studies have
found astrocytic expression of VGLUTs and vesicular release of glutamate from astrocytes in
culture and in organotypic slices [53–62]. Interestingly, decreases in astrocytes have been
reported in the ACC and DLPFC in schizophrenia, which could be consistent with decreased
VGLUT1 protein expression, but not an increase in VGLUT1 transcripts [29,63–65]. However,
cell-level studies suggest that a majority of VGLUT1 mRNA and protein expression in the
PFC is localized to neurons and presynaptic terminals forming asymmetric synapses,
respectively, suggesting that the changes we have observed in the present study are likely
limited to excitatory neurons [49,66–70].

In contrast to the homogenously distributed VGLUT1, we detected the highest levels of
VGLUT2 mRNA expression in an isodense band that encompasses layer III in the ACC and
layers III and IV in the DLPFC (Figure 1). Intrinsic excitatory neurons in this cortical lamina
generally project within layer III (and IV in the DLPFC) and to the other superficial layers
(Figure 4) [71–73]. We did not detect changes in VGLUT2 transcript expression in the ACC
or DLPFC in schizophrenia, suggesting that presynaptic function in the population of neurons
expressing VGLUT2 in these regions is not affected. We also did not detect changes in
VGLUT2 protein expression. In the DLPFC, VGLUT2 protein expression is highest in layer
IV and is found at lower levels in layers I, II, III and VI [41,47,70,74,75]. Thus, our results
suggest that presynaptic innervation arising from intrinsic PFC neurons expressing VGLUT2
is not altered in schizophrenia. Another study has suggested that decreased spine density in the
DLPFC is secondary to a reduction in excitatory thalamocortical projections [76], which
primarily express VGLUT2 and not VGLUT1 [24]. However, we did not detect changes in
VGLUT2 protein expression in the DLPFC, suggesting that thalamocortical projections from
this region are unchanged, or that if there is a reduction in projections there is more VGLUT2
protein expression per terminal. Alternatively, there could be a reduction in extrinsic VGLUT2
protein expression coupled with an increase in intrinsic VGLUT2 protein expression yielding
a net level of expression that is apparently unchanged.

There are several potential limitations to this study. Many of the subjects with schizophrenia
were taking typical antipsychotics at the time of death, raising the concern that changes in
VGLUT1 expression in the ACC could be secondary to a medication effect. However, we
found no changes in VGLUT1 mRNA and protein expression in several cortical regions of the
rat brain following 4 weeks of treatment with haloperidol. Consistent with our findings, another
group reported no changes in VGLUT1 mRNA or protein expression following 15 day
treatment with a similar dose of haloperidol (1 mg/kg/day) [77] and another found no changes
following 21 day treatment with 1.5 mg/kg/day [78]. While these studies do not model a lifetime
of antipsychotic treatment in schizophrenia, they do suggest that our findings of altered
VGLUT1 may not be due to a medication effect.
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In contrast to VGLUT1 expression, we did find decreased VGLUT2 protein expression in the
FC in rats treated for 28 days with haloperidol. This result raises the possibility that we did not
detect an increase in VGLUT2 protein expression in schizophrenia due to a masking effect of
treatment with haloperidol. The effects of haloperidol treatment on VGLUT2, but not
VGLUT1, protein expression also suggest that these genes are differentially regulated by
antipsychotic medications.

Another limitation of our study is that we are unable to measure protein levels in specific
cortical lamina. It is possible that the decrease in VGLUT1 protein expression is limited to
either the superficial layers (II–III), which generally receive cortico-cortical projections, or the
deep layers (V–VI), which generally receive subcortical projections. Another concern is that
the cortical ribbon may be thinner in samples from patients with schizophrenia versus control
subjects, possibly leading to the differential inclusion of small amounts of white matter in the
dissected samples, and thus affecting our western blot results due to disease-specific
differences in the grey:white matter ratio. In addition, our identification of VGLUT1–2 protein
was based on molecular weight, leaving the possibility that apparent changes in expression
levels could be due to a change in protein structure. Finally, our studies were performed in
elderly subjects. Using linear regression we examined our data set for associations between
age and gene expression and with the exception of a positive correlation between VGLUT1
transcript expression and age in the ACC, we did not find any significant associations. In this
instance, we utilized analysis of covariance to test for effects of diagnosis with age as a
covariate. Another study found a negative correlation between VGLUT1 mRNA expression
and age in the HPC in a younger cohort, but only in schizophrenia [49]. Significant associations
between VGLUT1 protein and age have not been reported. In summary, while antipsychotic
treatment and advanced age are potential limitations of this study, our data from antipsychotic
treated rats, as well as our statistical analyses of the effects of age, suggest that these issues
had minimal impact on our findings of altered VGLUT1 expression in the ACC.

While we did not find an effect of age on VGLUT1 protein expression, we have examined an
aged cohort, and thus the question remains whether our findings are related to the end stage of
the disease process or instead reflect an early pathological change. This question would best
be answered by examining VGLUT expression in the ACC in a younger cohort. If our findings
are only related to the latter stages of the illness, targeting changes in presynaptic function
would not be a useful strategy for early pharmacological intervention. On the other hand,
enhancing or reversing a loss of presynaptic function in aged patients with schizophrenia might
diminish the loss of cognitive functioning associated with the end stage of this disease.

Regardless of the timing, VGLUT expression levels determine presynaptic vesicle filling and
thus impact synaptic glutamate release [17–20,26,79]. Thus, reduced VGLUT1 expression is
consistent with a loss of excitatory neurotransmission in a region that integrates myriad
cognitive functions, many of which are impaired in schizophrenia [80,81].
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Figure 1.
In situ hybridization analysis of VGLUT1 and VGLUT2 mRNA expression in the dorsolateral
prefrontal cortex (DLPFC) and the anterior cingulate cortex (ACC) in subjects with
schizophrenia and a comparison group. The inset panels on the right side of the VGLUT1
images are from nissl stained tissue sections. Isodense bands (1–4 for VGLUT1 and 1–3 for
VGLUT2) are shown on the left side of each image and corresponding cortical lamina (I–VI)
and white matter (wm) on the right. VGLUT1 mRNA is increased in ACC in schizophrenia.
Data are expressed as mean ± SEM optical density values.
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Figure 2.
VGLUT 1 and VGLUT2 mRNA (n = 10) and protein (n = 8) expression in rat cortex following
28 days treatment with haloperidol 2/mg/kg/day or vehicle. Haloperidol decreased VGLUT2
protein in FC but had no other effects. Abbreviations: frontal cortex (FC), parietal cortex (PC),
cingulate cortex (CC). mRNA data are expressed as mean ± SEM optical density values. Protein
data are expressed as the mean ± SEM of VGLUT optical density/tubulin optical density.
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Figure 3.
Western blot analysis of VGLUT 1 and VGLUT2 protein expression in the dorsolateral
prefrontal cortex (DLPFC) and the anterior cingulate cortex (ACC) in subjects with
schizophrenia and a comparison group. VGLUT1 protein is decreased in ACC in
schizophrenia. Data are expressed as the mean ± SEM of VGLUT optical density/tubulin
optical density.
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Figure 4.
Summary of changes and schematic of VGLUT1 (red) and VGLUT2 (green) expression in the
anterior cingulate cortex in schizophrenia, based on data from the present study and earlier
reports. In a previous study, increased VGLUT2 mRNA was found in the thalamus in
schizophrenia. Question marked statements in the boxes labeled Other Cortical Areas,
Subcortical Structures, and Thalamus are putative explanations to account for the observed
changes in the ACC in schizophrenia.
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Table 1
Subject characteristics of in situ hybridization studies

Comparison group Schizophrenia

n 11 18

Age 84.5 ± 12.9 76.8 ± 9.3

Sex 3M/8F 10M/8F

PMI (hours) 8.5 ± 6.8 11.5 ± 5.5

Tissue pH 6.4 ± 0.2 6.4 ± 0.3

Abbreviations: number (n), male (M), female (F), postmortem interval (PMI)

Biol Psychiatry. Author manuscript; available in PMC 2009 April 17.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Oni-Orisan et al. Page 18

Table 2
Subject characteristics for western studies

Comparison group Schizophrenia

n 27 23

Age 79.0 ± 12.7 72.1 ± 11.5

Sex 14M/13F 16M/7F

PMI (hours) 7.7 ± 7.2 14.6 ± 8.9

Tissue pH 6.4 ± 0.2 6.4 ± 0.3

Abbreviations: number (n), male (M), female (F), postmortem interval (PMI)
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