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Abstract

Background—Convergent findings indicate that cortical GABAergic circuitry is altered in
schizophrenia. Postmortem studies have consistently found lower levels of GAD67 mRNA in the
prefrontal cortex (PFC) of subjects with schizophrenia. At the cellular level, the density of GABA
neurons with detectable levels of GAD67 mRNA is ~30% lower across cortical layers. Knowing
how this transcript deficit translates to GAD67 protein levels in axonal boutons is important for
understanding the impact it might have on GABA synthesis. In addition, because reductions in
GADG7 expression prior to, but not after, the maturation of GABAergic boutons results in a lower
density of GABAergic boutons in mouse cortical cultures, knowing if GABAergic bouton density
is altered in schizophrenia would provide insight into the timing of the GADG67 deficit.

Methods—PFC tissue sections from 20 matched pairs of schizophrenia and comparison subjects
were immunolabeled for the vesicular GABA transporter (vVGAT) and GAD67.

Results—VvGAT+ bouton density did not differ between subject groups, consistent with findings
that vGAT mRNA levels are unaltered in the illness, and confirming that the number of cortical
GABAergic boutons is not lower in schizophrenia. In contrast, in schizophrenia subjects the
proportion of vVGAT+ boutons with detectable GADG67 levels (VGAT+/GADG67+ boutons) was 16%
lower and mean GADG67 levels were 14% lower in the remaining VGAT+/GADG67+ boutons.

Conclusions—Our findings suggest that GABA production is markedly reduced in a subset of
boutons in the PFC of schizophrenia subjects, and that this reduction likely occurs after the
maturation of GABAergic boutons.
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Introduction

Cognitive deficits, such as impairments in working memory, are recognized as core clinical
features in schizophrenia (1), and these impairments are thought to reflect, at least in part,
disturbances in gamma aminobutyric acid (GABA)-releasing (GABAergic) neurons within
the prefrontal cortex (PFC) (2). Perhaps the most widely and consistently reported finding in
postmortem studies of subjects with schizophrenia is lower levels of mMRNA for the GABA
synthesizing enzyme, glutamic acid decarboxylase 67 (GAD67) (3—8). Although less well-
studied, the deficit in GAD67 mRNA has been reported to be accompanied by lower GAD67
protein levels (6, 7, 9). The consistency of these findings suggests that lower GAD67
expression in schizophrenia is a common feature of the illness. Other findings indicate that it
is not a consequence of illness chronicity or other factors frequently associated with the
illness, such as use of antipsychotic medications (7, 10).

However, not all GABAergic neurons exhibit lower GAD67 mRNA expression in
schizophrenia. Specifically, ~30% of GABAergic neurons in schizophrenia PFC lack
detectable levels of GAD67 mRNA, whereas the others express GAD67 mRNA at normal
levels (3, 5). The subset of GABAergic neurons with markedly lower GAD67 mRNA
expression is prominent in PFC layers 2-5 (3, 5). This deficit occurs in the absence of a
change in total neuron density (5) or number (11), suggesting that all GABAergic neurons
are present but that a subset have a markedly reduced capacity to synthesize GABA.
Moreover, expression of some other gene products that can affect GABAergic
neurotransmission are reported to be unaffected or only slightly altered in schizophrenia. For
example, mRNA for the vesicular GABA transporter (vVGAT), which packages GABA into
synaptic vesicles, was reported to be unchanged or only modestly lower in the PFC of
schizophrenia subjects (10, 12), suggesting that the ability to load GABA into vesicles is
preserved in the illness.

Although the timing of onset of the GAD67 mRNA deficit is unknown, dysfunction of the
PFC in schizophrenia appears to be a late developmental event. For example, in children
who are later diagnosed with schizophrenia, working memory performance appears to be
intact until about 9 years of age and then subsequently declines (13). Because working
memory relies on the coordinated firing of PFC pyramidal neurons (14) by GABAergic
interneurons (15, 16), these findings suggest that the GADG67 deficit may arise during
childhood. Knowing if structural alterations in GABAergic axon boutons occur in
schizophrenia could inform on the timing of the GAD67 deficit in schizophrenia. For
example, genetic reduction of GADG7 expression in parvalbumin basket cells during early
stages of development results in fewer boutons, whereas the same reduction later does not
alter axonal architecture (17). Thus, it would be expected that a reduction in GAD67
expression during the pre- or perinatal periods in individuals who are later diagnosed with
schizophrenia would be accompanied by fewer GABAergic axon boutons.
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In concert, these findings suggest the following testable hypotheses: 1) The density of all
GABAergic axonal boutons is unaltered in the PFC of subjects with schizophrenia; 2)
GADG7 protein levels are markedly lower in a subset of these boutons. To test these
hypotheses we immunolabeled PFC tissue sections from 20 matched pairs of schizophrenia
and comparison subjects for vVGAT and GAD67, and assessed GABAergic bouton density
and bouton protein levels across cortical layers using quantitative confocal microscopy
techniques.

Methods and Materials

Subjects

Brain specimens from 40 subjects were recovered during autopsies conducted at the
Allegheny County Medical Examiner’s Office (Pittsburgh, PA, USA) after obtaining consent
from the next of kin. An independent committee of experienced research clinicians made
consensus DSM-1V diagnoses, or confirmed the absence of any diagnoses, for each subject
using the results of structured interviews conducted with family members and/or review of
medical records (18). To reduce biological variance between groups, and to control for
experimental variance, each schizophrenia subject was matched to one comparison subject
for sex, and as closely as possible for age and postmortem interval (PMI) (Table 1 and
Supplemental Table S1). The length of the PMI can affect protein integrity (7, 19) and aging
can differentially affect gene expression (10). Consequently, to reduce the potential effects
of these confounding variables we selected all available subjects with PMI < 16 hours and
age < 55 years. The University of Pittsburgh’s Committee for the Oversight of Research
Involving the Dead and Institutional Review Board for Biomedical Research approved all
procedures.

The left hemisphere of each brain was blocked coronally at 1-2 cm intervals, immersed in
4% paraformaldehyde for 48 hours at 4°C and then washed in a series of graded sucrose
solutions and cryoprotected. Tissue blocks containing the PFC were sectioned coronally at
40 um on a cryostat and stored in a 30% glycerol/30% ethylene glycol solution at -30° C
until processed for immunohistochemistry. Adjacent Nissl- stained sections were used to
select sections that were cut perpendicular to the pial surface.

Immunohistochemistry

For each subject, four sections containing PFC area 9 spaced ~500 pm apart were used. To
minimize experimental variance within and across subject pairs, two separate experimental
runs consisting of two sections per subject (80 sections total per run) were performed with
all sections within a run processed simultaneously. Sections were preprocessed (see
Supplemental Methods) and then incubated for ~72 hours at 4°C in PBS containing 2%
donkey serum and primary antibodies that recognize vGAT (mouse host; 1:500, Synaptic
Systems, Goettingen, Germany; product # 131011, Lots 131011/41 and 131011/42) and
GADG7 (goat host; 1:100, R&D Systems, Minneapolis, MN, USA; product # AF2086, Lot
KRD0110031). The specificity of each antibody was verified by Western blot in our
laboratory (data not shown and (20)) or other laboratories (VGAT (21); GADG67 (22, 23)).
Sections were then rinsed for 2 hours in PBS and incubated for 24 hours in PBS containing
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2% donkey serum and secondary antibodies (donkey host) conjugated to Alexa 488 (VGAT)
or 647 (GADG67; Invitrogen, Grand Island, NY, USA; 1:500 for all) at 4°C. After washing,
sections were mounted (ProLong Gold antifade reagent, Invitrogen) on slides, which were
coded to conceal diagnosis and subject number, and stored at 4°C until imaged.

Data were collected on an Olympus (Center Valley, PA) 1X81 inverted microscope equipped
with an Olympus spinning disk confocal unit, Hamamatsu EM-CCD digital camera
(Bridgewater, NJ), and high precision BioPrecision2 XYZ motorized stage with linear XYZ
encoders (Ludl Electronic Products Ltd., Hawthorne NJ) using a 60X 1.40 N.A. SC oil
immersion objective. The equipment was controlled by SlideBook 5.0 (Intelligent Imaging
Innovations, Inc., Denver, CO), which was the same software used for post-image
processing. 3D image stacks (2D images successively captured at intervals separated by 0.25
pm in the z-dimension) that were 512 x 512 pixels (~ 137 x 137 pm) were acquired over 50
percent of the total thickness of the tissue section starting at the coverslip. Importantly,
imaging the same percentage of the tissue section thickness rather than the same number of
microns controls for the potential confound of storage and/or mounting related volume
differences (i.e. z-axis shrinkage). The stacks were collected using optimal exposure settings
(i.e., those that yielded the greatest dynamic range with no saturated pixels), with differences
in exposures normalized during image processing.

As determined by measurements made in Nissl-stained sections (24), the boundaries of the
six cortical layers can be estimated based on the distance from the pial surface to the white
matter. For the presented studies, the cortical mantle was divided into layers as follows: 1
(pia-10%), 2/superficial 3 (2/3s; 10-35%), deep 3/4 (3d/4; 35-60%), 5 (60-80%), and 6
(80%-gray/white matter border). Ten, systematic randomly sampled image stacks were taken
within each of these subdivisions using a sampling grid of 180 x 180 pm2. Running means
using pilot data indicated that 10 sites per subdivision were sufficient to limit intra-subject
variability for intensity and density measures. The same investigator (BRR), who was blind
to subject and diagnosis, collected a total of 8,000 image stacks. Both subjects within a pair
were imaged on the same day.

A potential confound of quantitative fluorescence measures in human cortex is lipofuscin
autofluorescence. To exclude this potential confound, lipofuscin was imaged using a third
channel (equivalent to Alexa 405) at a constant exposure time across all sections. Lipofuscin
autofluorescence was masked using a single optimal threshold value for each image stack,
and VGAT and GADG67 object masks that overlapped a lipofuscin mask were eliminated
from analyses. Importantly, lipofuscin fluorescence intensity did not differ between
schizophrenia (648 + 140 a.u.) and comparison (656 + 147 a.u.) subjects (paired Fq 19 =
0.08, p =0.79; unpaired F1_ 36 = 0.03, p = 0.86).
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Image processing

Each fluorescent channel was deconvolved using Autoquant’s Blind Deconvolution
algorithm. Data segmentation was performed as described in Supplemental Methods. The
final object masks were then used to collect information on the deconvolved channels.

Definitions of vGAT+ and vGAT+/GAD67+ boutons

All vGAT-immunoreactive puncta were considered to be boutons (VGAT+ boutons) (25, 26).
VGAT+ boutons were classified as containing GAD67 immunoreactivity (VGAT+/GAD67+
boutons) as follows: First, mask operations, which assess the degree of overlap between
voxels of different object masks, were used to identify VGAT and GADG67 object masks that
overlapped each other’s centers, which at the voxel level overlapped an average of 67%

+ 1.2%. Second, for each site the mean fluorescence intensity of GADG67 for all boutons
identified in the first step were used as seeds in a K-means cluster analysis to classify vVGAT
+ boutons as being GAD67+. An example of boutons classified as VGAT+ and VGAT+/
GADG67+ is shown in Figure 1.

Cartridge identification and analysis

Statistics

Chandelier (axoaxonic) cells (ChCs) give rise to vertically-arranged clusters of boutons
(termed cartridges (27)) that exclusively target the axon initial segment (AIS) of pyramidal
cells. Cartridges are easily identified amid the general punctate VGAT labeling in cortical
layers 2—6 because of their unique structure and their high levels of vVGAT immunoreactivity
(Fig. 4). Within each field collected from layers 2—6 under run 1, an unbiased counting
frame (~68 x 68 pm2), consisting of two exclusion lines and two inclusion lines placed over
the image stack, was used to identify VGAT-IR cartridges for analysis. VGAT-IR cartridges
were included for analysis and manually traced only if they were considered to be
completely visualized as indicated by (1) continuity across z planes and (2) presence of the
entire cartridge within a virtual sampling box. The virtual sampling box started and ended
one z-plane from the top and bottom of the image stack, respectively, and had x-y start/end
coordinates that were located 20 pixels from any edge. Figure 4 shows a traced vGAT-IR
cartridge.

A paired samples t-test was used to assess differences in mean age, storage time, and PMI
between subject groups; none of these variables were significantly different between groups
(Table 1).

Two analyses of covariance (ANCOVA) models were used to analyze the bouton density and
protein level data. Because subjects were selected and processed as pairs, the first paired
ANCOVA model included bouton density or protein level as the dependent variable,
diagnostic group as the main effect, subject pair as a blocking factor, and tissue storage time
as a covariate. Subject pairing is an attempt to balance diagnostic groups for sex, age, and
PMI, and to account for the parallel processing of tissue samples, and thus is not a true
statistical paired design. Consequently, a second unpaired ANCOVA model was performed
that included all covariates (i.e., age, sex, PMI, storage time). All statistical tests were
conducted with a-level= 0.05.
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We also assessed the potential influence of other factors that are frequently comorbid with
the diagnosis of schizophrenia using ANCOVA models. For these analyses, we compared
subjects with schizophrenia using each variable (sex; diagnosis of schizoaffective disorder;
nicotine use at the time of death; use of antipsychotics, antidepressants, or benzodiazepines
and/or sodium valproate at the time of death) as the main effect and age, tissue storage time,
and PMI as covariates. A Bonferroni-adjusted a-level of 0.05/6 = 0.008 was used to assess
significance.

Reported ANCOVA statistics include only those covariates that were statistically significant.
As a result, the reported degrees of freedom vary across analyses.

VGAT+ bouton density is unchanged in schizophrenia

Across all layers of the PFC, a total of 968,186 + 82,032 and 948,895 + 95,695 VGAT+
boutons for each schizophrenia and comparison subject, respectively, were analyzed. The
density of vVGAT+ boutons did not differ (paired F1 19 = 0.69, p = 0.417; unpaired Fy 3g =
0.47, p = 0.497) between subject groups (schizophrenia: 0.033 + 0.003 boutons/um?3;
comparison: 0.032 + 0.003 boutons/um?3) (Fig. 2A1). Similarly, the density of vVGAT+
boutons did not differ between subject groups in any of the cortical layers assessed (Fig.
2A2). Importantly, the rank order of GABAergic bouton density in each cortical layer
presented here is similar to what has been published for the PFC in both human (28) and
non-human primate (29).

Bouton VGAT protein levels are unchanged in schizophrenia

VGAT protein levels in vVGAT+ boutons did not differ (paired F; 19 = 3.34, p = 0.083;
unpaired Fq 3g = 3.64, p = 0.064; Fig. 2B1) between schizophrenia (564 + 72 a.u.) and
comparison (611 + 83 a.u.) subjects in total gray matter. However, an analysis across
individual cortical layers found that vGAT bouton levels in layer 5 were 11% lower (paired
F1 19 =5.09, p = 0.036; unpaired F1 35 = 5.46, p = 0.025) in schizophrenia subjects (Fig.
2B2).

The density of vVGAT+/GAD67+ boutons is lower in schizophrenia

Across all cortical layers, the density of vVGAT+ boutons with detectable levels of GAD67
(VGAT+/GADG7+ boutons) was 16% lower (paired Fq 19 = 10.39, p = 0.004; unpaired F 3g
=12.44, p = 0.001) in schizophrenia (0.015 + 0.003 boutons/um3) relative to comparison
(0.018 + 0.002 boutons/um3) subjects (Fig. 3A1). Similarly, the density of VGAT+/GAD6G7+
boutons was 13% to 21% lower in cortical layers 2/3s, 3d/4, 5, and 6 (Fig. 3A2).

VGAT+/GAD67+ bouton GADG67 protein levels are lower in schizophrenia

VGAT protein levels in vVGAT+/GADG67+ boutons did not differ (paired Fy 15 =0.16, p =
0.69; unpaired F1 37 = 0.06, p = 0.81) between schizophrenia (822 + 134 a.u.) and
comparison (817 £ 122 a.u.) subjects across all cortical layers (Supplemental Fig. S1A) or in
any cortical layer (Supplemental Fig. S1B). In contrast, GAD67 protein levels in vVGAT+/
GADG7+ boutons were 14% lower (paired F1, 19 = 9.57, p = 0.006; unpaired F1 35 =8.33, p

Biol Psychiatry. Author manuscript; available in PMC 2017 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rocco et al.

Page 7

=0.006) in schizophrenia (808 + 120 a.u.) relative to comparison (942 + 172 a.u.) subjects
in total gray matter (Fig. 3B1), and similar differences, ranging from 11% to 17% lower,
were found in each cortical layer (Fig. 3B2). To assess if lower GADG67 levels were present
in all boutons with detectable GAD67 across all cortical layers in subjects with
schizophrenia, GADG67 levels per bouton in the comparison group were divided into 10
equal bins and each bouton from both subject groups was placed into a bin based on its
GADG7 level (Fig. 3C). The presence of boutons in the bin corresponding to the upper 10th
percentile suggests that some boutons do not have a reduction in GADG7 levels.

GADG67 and vGAT protein levels in ChC boutons are not altered in schizophrenia

Amid the general vGAT punctate labeling, distinct parallel arrays of IR axonal boutons were
readily identified (Fig. 4A). These structures are morphologically identical to the vVGAT-IR
cartridges previously shown to represent chandelier (axoaxonic) cell (ChC) GABA neuron
boutons innervating the axon initial segment of pyramidal cells (30). Changes in pre- and
post-synaptic protein levels at the axon initial segment have lead to the hypothesis that
GADG7 protein levels are markedly lower in ChC boutons (31). Thus, to determine if
boutons arising from ChCs are part of the pool of VGAT boutons with undetectable levels of
GADG67 protein identified here, GAD67 levels in ChC boutons were assessed. GAD67
protein levels in ChC boutons did not differ (paired F1 19 = 2.12, p = 0.162; unpaired F1 3g
=2.17, p = 0.149; Fig. 4B1) between schizophrenia (639 + 163 a.u.) and comparison (720

+ 185 a.u.) subjects in total gray matter. Similarly, vGAT ChC bouton protein levels did not
differ (paired F1, 19 = 0.144, p = 0.708; unpaired F1 35 = 0.12, p = 0.730) between
schizophrenia (1,501 + 321 a.u.) and comparison (1,470 + 236 a.u.) subjects (Fig. 4C1). In
addition, ChC bouton GAD67 and VGAT levels did not differ between subject groups in any
of the cortical layers assessed (Fig. 4B2 and 4C2, respectively).

Lower vGAT+/GAD67+ bouton density and GAD67 protein levels are not attributable to
comorbid factors

In schizophrenia subjects, GADG67 protein levels in vVGAT+/GADG67+ boutons, and the
density of vVGAT+/GADG7+ boutons did not differ as a function of sex, nicotine use at time
of death (ATOD), benzodiazepines and/or sodium valproate ATOD, antidepressants ATOD,
antipsychotics ATOD, or diagnosis of schizoaffective disorder. (Fig. 5).

Discussion

In schizophrenia neither neuronal density (5) nor total neuron number (11) are altered in the
PFC, suggesting that all GABAergic neurons are present. In support of this interpretation,
others have found no difference in the density of GAD65 immunoreactive puncta in the PFC
of subjects with schizophrenia relative to comparison subjects (28). However, in primate
PFC not all boutons contain detectable levels of GAD65 (20, 32, 33). Here, the presence of
VGAT, which is required to package GABA for vesicular release (26) and thus is a marker of
all GABAergic terminals, was used to quantify GABAergic bouton density. Importantly,
VGAT mRNA (34, 35) levels are not altered in schizophrenia. We found no differences in the
density of vVGAT+ boutons between schizophrenia and comparison subjects in any layer of
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the PFC. In concert, these findings support the hypothesis that the density of GABAergic
axonal boutons is unaltered in the PFC of subjects with schizophrenia.

Convergent findings suggest that in addition to its role as the primary inhibitory
neurotransmitter in the adult brain, GABA signaling is crucial for the maturation of
inhibitory synapses (36). For example, genetic knockdown of GADG67 in developing
GABAergic neurons results in a cell-autonomous reduction in bouton formation (17). By
contrast, reduced GADG67 expression in mature GABAergic neurons does not alter bouton
number or morphology. Thus, the observations made here of markedly lower bouton GAD67
levels but a normal complement of vVGAT boutons suggests that the GAD67 deficit in
schizophrenia occurs after the maturation of the affected GABA neurons. Interestingly, in
monkey PFC mature levels of vGAT and GAD67 mRNA are not achieved until the
peripubertal period (34), while in human PFC GAD67 mRNA levels progressively increase
until the peripubertal stage of development, plateauing or mildly declining in adulthood (37,
38). This interpretation is supported by the finding that in schizophrenia working memory
performance appears to be intact prior to 9 years of age, but slowly declines afterwards,
suggesting that GADG67 levels within PFC interneurons involved in working memory are
reduced later in development (13).

Although there was no difference in vVGAT bouton density between schizophrenia and
comparison subjects, it is possible a loss of GABAergic neurons and their boutons could be
compensated for by sprouting of axon collaterals from the remaining GABAergic neurons.
However, neither neuronal density (5) nor total neuron number (11) are altered in the PFC in
schizophrenia, suggesting that all GABAergic neurons are present. Alternatively, it is
possible that some neurons give rise to a lower than normal number of boutons that is
compensated for by collateral sprouting from other GABAergic neurons.

At the cellular level, the density of GABA neurons with detectable levels of GAD67 mRNA
is ~30% lower across cortical layers 2-5 in the PFC of subjects with schizophrenia, whereas
the levels of GAD67 mRNA within the other neurons do not differ from healthy comparison
subjects (3, 5). These findings led us to hypothesize that GADG67 protein levels are markedly
lower in a subset of boutons. Our finding that GADG67 protein levels are markedly lower in
16% of GABAergic boutons, such that they are no longer detectable by GAD67
immunoreactivity, supports this hypothesis. However, considering that ~30% of GABA
neurons exhibit marked deficits in GAD67 mRNA expression in schizophrenia, it was
somewhat surprising that GADG67 levels were not markedly lower in more boutons. We have
previously shown a dissociation between the proportions of GABA neuron subpopulations
and the proportions of boutons that arise from those subpopulations (29). Thus, it is possible
the reduction in the proportion of somas with detectable levels of GAD67 mRNA could
differ in magnitude from the reduction in proportion of boutons with detectable levels of
GADG7 protein. In addition, we did find that mean GADG67 levels were 14% lower in the
remaining VGAT+/GADG67+ boutons. This finding could reflect a general 14% reduction in
VGAT+/GAD67+ bouton GAD67 levels. However, some boutons appear to have normal
levels of GADG67 protein (Fig. 3C), suggesting that a subset of boutons have lower, but still
detectable, GADG67 levels. Although the reduction in bouton GAD67 levels reported here is
in line with our previous finding that GADG7 protein levels are 10% lower in total PFC gray
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matter in schizophrenia (7), others have reported larger deficits in total gray matter GAD67
protein levels (6, 9). In the cortex, GADG67 is readily detectable in neuron cell bodies,
dendrites, and throughout the axon (39). Thus, differences in the percent reduction of
GADSG67 in schizophrenia across the methods used to assess protein levels could reflect
changes selective for certain neuronal compartments.

The question becomes: what are the identities of the boutons with undetectable levels of
GADG67? In schizophrenia, ~50% of PFC parvalbumin-expressing neurons, a subset of
which are ChCs, lack detectable levels of GAD67 mRNA (4), while the remaining PV
neurons appear to contain normal levels of GAD67 mMRNA (3, 5). Our findings that ChC
bouton GADG67 and VGAT levels were not significantly different between schizophrenia and
comparison subjects, in concert with previous findings of lower GAD67 levels in the
boutons of parvalbumin-expressing basket cells in schizophrenia (7) suggest that the marked
GADG67 mRNA reductions in parvalbumin-expressing neurons are restricted to basket cells.
In addition to parvalbumin basket cells, GAD67 protein levels might also be lower in at least
the subset of calbindin-expressing GABA neurons that also express somatostatin (40).
Somatostatin mRNA levels are lower in the PFC of schizophrenia subjects (18, 40—44), and
lower somatostatin mMRNA expression correlates with lower GAD67 mRNA expression at
both the tissue and cellular levels (40, 42). Together, these findings suggest that at least some
somatostatin neurons give rise to boutons with lower GAD67 protein levels. Unfortunately,
since somatostatin expression is markedly reduced in schizophrenia it will be difficult to
directly assess GADG67 levels in boutons arising from somatostatin-expressing neurons in
future experiments.

The cause(s) of lower PFC GADG67 levels in schizophrenia is unclear but multiple
mechanisms may contribute to the deficit. For example, allelic variants in the gene encoding
GADG67, GADL, are associated with lower GAD67 expression and an increased risk of
schizophrenia (45, 46). Dysregulated epigenetic mechanisms, such as altered chromatin-
associated histone modifications and higher-order chromatin structure at the GAD1
promoter region are also associated with lower GADG67 expression in the illness (37, 41, 48).
Reduced mRNA expression for upstream regulatory factors of the GAD1 gene have been
reported in schizophrenia and correlates with reduced levels of GAD67 mRNA (49).
However, none of these factors provide an obvious mechanism to account for lower GAD67
MRNA in just a subset of GABA neurons and lower GADG67 protein in just a subset of
boutons. Alternatively, lower GAD67 expression may be a compensatory response to lower
activity in cortical pyramidal neurons (50) in which case those GABA neurons that receive
high levels of excitatory drive from pyramidal neurons (e.g., parvalbumin- and somatostatin-
but not calretinin-containing GABA neurons) might be predicted to be preferentially
affected. The fact that the number of excitatory inputs to the affected pyramidal neurons is
reduced during late childhood and adolescence might account for the late developmental
reduction in GADG7 predicted by the results of the present study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A GAD67 B VGAT C Lipofuscin D IVGAT/

G Lipofuscin/ AT/VGAT+/GAD67+ Bout

Figure 1.
VGAT and GADG67 colocalization in human postmortem tissue. (A—H) Projection image (5

z-planes separated by 0.25 pm) of a human PFC tissue section immunolabeled for vGAT and
GADG7. Single GAD67 (A) and VGAT (B) immunoreactive channels, and single channel of
lipofuscin (C) autofluorescence. (D) Merged GAD67, vGAT, and lipofuscin channels. Single
GADG67, vGAT, and lipofuscin channels overlaid with their corresponding object masks (E,
F, and G, respectively). Importantly, the object masks in F define the vVGAT+ boutons. (H)
Single vGAT channel overlaid with vVGAT object masks from F that were defined as vVGAT+/
GADG67+ boutons (yellow object masks) because of the presence of detectable GAD67
immunoreactivity. Bar = 10 pum.
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Figure 2.
VGAT+ bouton densities and VGAT protein levels. (A1-A2) Bouton density in total gray

matter and within individual layers. (B1-B2) vGAT protein levels per bouton in total gray
matter and within individual layers. The data points in each scatterplot (A1 and B1)
represent a matched pair of schizophrenia (sz) and comparison (cntl) subject. Points below
the unity line reflect pairs in which the measures are lower for the schizophrenia relative to
the comparison subject. Asterisk in B2, Layer 5 indicates p < 0.05 for both paired and
unpaired analyses. F-statistics and p-values for A2 and B2 are provided in Supplemental
Table S2.
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total gray matter and within individual layers. (B1-B2) GADG67 protein levels per bouton in
total gray matter and within individual layers. Asterisks in A2 and B2 indicate p < 0.05 for
both paired and unpaired analyses. F-statistics and p-values for A2 and B2 are provided in
Supplemental Table S2. (C) To assess if GAD67 levels were 14% lower across all boutons in
schizophrenia, the range of GAD67 levels in the comparison group was used to make 10
equally separated bins and each bouton from both diagnosis groups was placed into a bin
based on its GADG67 level.
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Figure 4.
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Layer

ChC cartridge bouton GAD67 and VGAT levels. (A) Projection image (7 z-planes separated
by 0.25 pm) of a human PFC tissue section immunolabeled for vGAT and GAD67. Bar = 10
um. (B-C) GAD67 (B1-B2) and VGAT (C1-C2) protein levels per ChC bouton in total gray
matter and within individual layers. F-statistics and p-values for B2 and C2 are provided in

Supplemental Table S2.
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Figure 5.
Effects of comorbid factors on vVGAT+/GADG67+ bouton density and levels of GADG67 in

subjects with schizophrenia. ATOD, at time of death; benz/val; benzodiazepines/valproic
acid; SAD, schizoaffective disorder.
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Summary of Demographic and postmortem characteristics of human subjects. There were no diagnostic group
differences in age (t19 = 0.541, p = 0.545; t33 = 0.276, p = 0.784), postmortem interval (t;g = 0.532, p = 0.601;

tag = 0.327, p = 0.745), or freezer storage time (t19 = 0.497, p = 0.625; t3g = 0.268, p = 0.790).

Measure Comparison Group (n=20) | Schizophrenia Group (n=20)
nor Mean % or SD nor Mean % or SD

Male 14 70% 14 70%

White 17 85% 18 90%

Black 3 15% 2 10%
Age (years) 46 9 45 7

Postmortem interval (hours) 9.9 4.0 9.5 34
Tissue storage time (years) 14 5 12 5
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