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Abstract
Background—Schizophrenia is associated with perceptual and physiological auditory
processing impairments that may result from primary auditory cortex excitatory and inhibitory
circuit pathology. High-frequency oscillations are important for auditory function and are often
reported to be disrupted in schizophrenia. These oscillations may, in part, depend on upregulation
of gamma-aminobutyric acid synthesis by glutamate decarboxylase 65 (GAD65) in response to
high interneuron firing rates. It is not known whether levels of GAD65 protein or GAD65-
expressing boutons are altered in schizophrenia.

Methods—We studied two cohorts of subjects with schizophrenia and matched control subjects,
comprising 27 pairs of subjects. Relative fluorescence intensity, density, volume, and number of
GAD65-immunoreactive boutons in primary auditory cortex were measured using quantitative
confocal microscopy and stereologic sampling methods. Bouton fluorescence intensities were used
to compare the relative expression of GAD65 protein within boutons between diagnostic groups.
Additionally, we assessed the correlation between previously measured dendritic spine densities
and GAD65-immunoreactive bouton fluorescence intensities.

Results—GAD65-immunoreactive bouton fluorescence intensity was reduced by 40% in
subjects with schizophrenia and was correlated with previously measured reduced spine density.
The reduction was greater in subjects who were not living independently at time of death. In
contrast, GAD65-immunoreactive bouton density and number were not altered in deep layer 3 of
primary auditory cortex of subjects with schizophrenia.

© 2012 Society of Biological Psychiatry

Address correspondence to: Robert A. Sweet, M.D., Western Psychiatric Institute and Clinic, Department of Psychiatry, Biomedical
Science Tower, Room W1645, 3811 O’Hara Street, Pittsburgh, PA 15213-2593; SweetRA@upmc.edu.

These results were presented, in part, at the Annual Meetings of the Society for Neuroscience, Nov 18, 2008, Washington, DC; Oct
19, 2009, Chicago, Illinois; and Nov 15, 2010, San Diego, California.

ARS is a statistical consultant to Johnson & Johnson Pharmaceutical Research and Development. DAL currently receives investigator-
initiated research support from the Bristol-Myers Squibb Foundation, Bristol-Myers Squibb, Curridium Ltd, and Pfizer and in 2007 to
2010 served as a consultant in the areas of target identification and validation and new compound development to AstraZeneca,
BioLine RX, Bristol-Myers Squibb, Hoffman-Roche, Lilly, Merck, Neurogen, and SK Life Science. CEM, KMD, KNF, JKA-A, K-
AD-P, and RAS have no biomedical financial interests or potential conflicts of interest to disclose. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National Institute of Mental Health, the
National Institutes of Health, the Department of Veterans Affairs, or the United States Government.

Supplementary material cited in this article is available online.

NIH Public Access
Author Manuscript
Biol Psychiatry. Author manuscript; available in PMC 2013 November 01.

Published in final edited form as:
Biol Psychiatry. 2012 November 1; 72(9): 734–743. doi:10.1016/j.biopsych.2012.04.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—Decreased expression of GAD65 protein within inhibitory boutons could
contribute to auditory impairments in schizophrenia. The correlated reductions in dendritic spines
and GAD65 protein suggest a relationship between inhibitory and excitatory synapse pathology in
primary auditory cortex.

Keywords
GAD65; postmortem human tissue; primary auditory cortex; quantitative microscopy;
schizophrenia; stereology

Individuals with schizophrenia exhibit basic auditory processing deficits (1) that contribute
to debilitating negative and cognitive symptoms. One such deficit is impaired tone
frequency discrimination (2,3), assessed either behaviorally or as reduction in the mismatch
negativity (MMN) response of the auditory event-related potential (3–5). The inability to
properly discriminate between different frequencies may make phoneme identification
difficult, translating to impaired speech comprehension in subjects with schizophrenia (6,7).
Evidence suggests that features of schizophrenia stemming from disrupted tone processing
have a significant impact on patients’ quality of life, as tone-matching performance is
severely impaired in subjects who require long-term residential care (8). Correlated with
tone-matching deficits, subjects with schizophrenia show reduced ability to use pitch-based
acoustic cues to recognize vocally expressed emotion (2,9). Consequently, inability to
recognize emotional components of speech, a negative symptom of schizophrenia (10),
contributes to dysfunction in social interactions (11). Thus, basic impairments in tone
frequency discrimination likely impair higher-order functions downstream of auditory
stimulus processing, contributing to some of the signs and symptoms of schizophrenia.

Studies in animals suggest that the ability to discriminate frequency depends on auditory
cortex function (12,13). The primary auditory cortex is located on Heschl’s gyrus, found
within the Sylvian fissure on the superior temporal gyrus (STG). Reduction of STG gray
matter volume is one of the most consistently reported gray matter volume change findings
in schizophrenia subjects (14) and those who are genetically at risk (15). Specifically,
findings include reductions of gray matter volume in Heschl’s gyrus in both cross-sectional
analyses of subjects with schizophrenia (16–18) and longitudinal studies of high-risk
individuals (19).

One measure of auditory neurophysiology known to depend on the integrity of the primary
auditory cortex is the auditory steady state response (aSSR) (20–22). Many studies have
found the aSSR to be abnormal in patients with schizophrenia (23–27). Steady state
responses are generated in response to temporally modulated stimuli, are based on the
synchronized activity of large populations of neurons, and represent the ability of neural
circuits to oscillate at different frequencies (28). Subjects with schizophrenia exhibit
abnormal aSSR entrainment to tones and white noise bursts modulated at gamma-range
frequencies (30–80 Hz) (23,29). Individuals with schizophrenia also demonstrate reduced
power of induced gamma-range oscillatory activity in response to an unmodulated pure tone
(24). Altered high-frequency oscillatory activity may reflect a physiological impairment of
auditory cortex circuitry that contributes to reduced ability to discriminate the features of
auditory stimuli (30).

Inhibitory γ-aminobutyric acid (GABA)-ergic interneurons contribute to the generation of
neural oscillatory activity through the production of rhythmic inhibitory postsynaptic
potentials in excitatory neurons, inducing synchronization of their firing (31,32). It has been
shown that rapid adjustments to levels of inhibition are required for controlling changes in
oscillation frequency (33). This necessity of rapid adjustments to levels of inhibition
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suggests that modulation of the amount of GABA synthesized for release might be crucial
for the ability of interneurons to mediate oscillatory activity. The GABA-producing activity
of the 65 kDa isoform of glutamate decarboxylase (GAD65) is rapidly upregulated via
binding to its cofactor pyridoxal-5’-phosphate under conditions of increased neural activity
(34,35). Mice lacking GAD65 demonstrate reduced GABA release during sustained
activation of inhibitory neurons (36). Glutamate decarboxylase 65 may therefore be
particularly important for rapidly modulating GABA synthesis to maintain gamma-range
oscillatory activity in the cortex during conditions of sustained high interneuron firing rates
(37). Thus, impaired gamma-range oscillatory activity in auditory cortex in schizophrenia
could indicate that GAD65-mediated GABA synthesis in inhibitory boutons is impaired in
such a way as to be unable to keep up with the necessary high firing rates.

In the present study, we asked whether the relative level of GAD65 protein is reduced in the
auditory cortex of subjects with schizophrenia. As auditory cortex circuitry is thought to
participate in the generation of both aSSRs and the MMN component of the auditory event-
related potential (20–22,38,39) and MMN reflects activity of the supragranular cortical
layers (4,40), we wanted to determine whether GAD65 protein was reduced in this
subregion of auditory cortex, specifically at its site of action: the bouton. To address this, we
used quantitative fluorescence microscopy to assess levels of GAD65 protein within deep
cortical layer 3 inhibitory boutons. We found that whereas the number and density of
GAD65-expressing inhibitory boutons in deep layer 3 of primary auditory cortex were
unaltered, these boutons contained less GAD65 protein, suggesting that the amount of
GABA available for release when auditory cortex interneurons are firing at high rates may
be reduced in subjects with schizophrenia.

Methods and Materials
Subjects and Animals

We studied two cohorts (Table 1 and Table S1 in Supplement 1) of subjects diagnosed with
schizophrenia or schizoaffective disorder and matched control subjects included in our
previous studies (41–44). We also studied a cohort of four male macaque monkeys (Macaca
fascicularis) chronically exposed to haloperidol decanoate and four control macaques
matched for sex and weight (43). See Supplemental Methods in Supplement 1 for further
description.

Immunohistochemistry
Auditory cortex containing tissue sections from matched pairs were processed together in
immunohistochemistry runs. Glutamate decarboxylase 65 was detected using a mouse anti-
GAD65 primary antibody (MAB351; Millipore, Billerica, Massachusetts), the specificity of
which was assessed by Western blot and immunohistochemistry (see Supplemental Methods
and Figure S1 in Supplement 1).

Quantification of GAD65-Immunoreactive Puncta
GAD65-immunoreactive (IR) boutons within deep cortical layer 3 of primary auditory
cortex were quantified in this study using confocal microscopy. Stereologic sampling was
conducted as shown in Figure 1. Sections were coded so that the experimenter was blind to
diagnostic or drug exposure group, and sections were organized into sets so that sections
from paired subjects were imaged during the same imaging session. Images were collected
and processed as described in the Supplemental Methods in Supplement 1.

See Supplemental Methods in Supplement 1 for additional details of stereologic calculations
and approach to statistical analyses.
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Results
GAD65-IR Bouton Intensity, Density, and Volume

The fluorescence intensity of GAD65-IR puncta in deep layer 3 of the primary auditory
cortex of subjects with schizophrenia was significantly decreased in both the primary
[F(1,25.2) = 12.52, p = .002] and secondary statistical models [F(1, 46.5) = 15.74, p = .0002;
Figure 2]. Estimated mean (95% confidence interval) fluorescence intensities derived from
the primary model were 5.94 (5.73, 6.15) and 5.42 (5.21, 5.64) gray scale units on the
natural logarithm scale in normal control subjects and subjects with schizophrenia,
respectively, reflecting a 40.5% reduction in relative fluorescence intensity in subjects with
schizophrenia.

The density of GAD65-IR puncta was not significantly altered in subjects with
schizophrenia compared with control subjects, in either the primary [F(1,24) = .84, p = .369]
or secondary [F(1,46.8) = .22, p = .641] statistical models (Figure 3A).

The reduction of GAD65-IR puncta volume in subjects with schizophrenia relative to
normal control subjects was nearly statistically significant in the primary model [F (1,26.6)
= 3.75, p = .063] and was statistically significant in the secondary model [F (1,49.6) = 4.80,
p = .033; Figure 3B]. This effect was largely driven by the cohort 2 subject pairs in both the
primary [F (1,10.7) = 11.24, p = .007] and secondary [F (1,17.8) = 10.72, p = .004]
statistical models. Estimated mean (95% confidence interval) volumes derived from the
primary model were .499 (.484, .515) and .465 (.449, .481) µm3 for control subjects and
subjects with schizophrenia in cohort 2, respectively, reflecting a 6.8% reduction in subjects
with schizophrenia. Because we suspected that the volume decrease in cohort 2 might be
driven by the significant decrease in fluorescence intensity, we repeated the primary and
secondary multivariate analysis of covariance models for volume with mean intensity as a
covariate, using both cohorts. There was a highly significant effect of intensity [primary
model: F (1,655) = 114.16, p < .001; secondary model: F (1,669) = 102.78, p < .001] but the
effect of diagnosis on bouton volume was still significant [primary model: F (1,25.1) = 8.39,
p = .008; secondary model: F (1,44.8) = 11.16, p = .002].

Independent Living Status
We found that the percent reduction in mean GAD65-IR bouton fluorescence intensity
relative to matched control subjects was significantly greater for schizophrenia subjects who
were not living independently at time of death than for those who were [t (24) = 2.77, p = .
011; Figure 4]. In contrast, there was no significant relationship between independent living
status and the percent changes in GAD65-IR bouton density or volume relative to control
subjects.

Clinical Factors
We tested for associations between GAD65-IR mean bouton density, fluorescence intensity,
or volume and a number of clinical factors. We identified a significantly greater percent
increase in GAD65-IR bouton density in subjects who were taking benzodiazepines at time
of death (see Supplemental Results and Figure S2 in Supplement 1 for details).

Correlation Between Dendritic Spine Density and GAD65-IR Bouton Fluorescence Intensity
and Density in Cohort 1 Subjects

Given the importance of balanced excitatory and inhibitory neurotransmission in neural
processing of auditory stimuli (45,46) and in modulating neural oscillations (33), we
hypothesized that there are concurrent reductions in inhibitory and excitatory components of
primary auditory cortex circuitry. We examined whether GAD65-IR bouton mean intensity

Moyer et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was correlated with previously measured spinophilin-IR puncta density in deep layer 3 of
primary auditory cortex for cohort 1 subjects (44). We found that GAD65-IR bouton
fluorescence intensity was significantly correlated with dendritic spine density in this cohort
of subjects (r = .525, p = .003; Figure 5A). The strength of the correlation was observed to
be greater for schizophrenia subjects compared with control subjects (control: r = .379, p = .
162; schizophrenia: r = .505, p = .055). In addition, we found a significant correlation
between the percent changes in GAD65-IR puncta fluorescence intensity and dendritic spine
density in schizophrenia subjects (r = .745, p = .001; Figure 5B). Similarly, we observed a
correlation between GAD65-IR bouton density and spinophilin-IR spine density (r = .457, p
= .01; Figure S3 in Supplement 1). The strength of this correlation was also greater for
schizophrenia subjects than control subjects (control: r = .351, p = .2; schizophrenia: r = .
583, p = .02). Finally, the percent reductions in GAD65-IR boutons and spinophilin-IR spine
densities in schizophrenia subjects relative to control subjects were significantly correlated
(r = .718, p = .003; Figure S3 in Supplement 1).

Estimation of GAD65-IR Bouton Number in Cohort 2 Subjects
We were able to estimate the total number of GAD65-IR puncta in primary auditory cortex
deep layer 3 for the 12 subject pairs of cohort 2 and found that the absolute numbers of
GAD65-IR boutons were not altered in schizophrenia in either the primary [F(1,10) = .644,
p = .441] or secondary [F(1,18) = .065, p = .802] analysis of covariance (ANCOVA) models
(Figure 6). Because of the differences in tissue processing methods, we were not able to
estimate bouton number in subject pairs from cohort 1.

Antipsychotic Exposed Monkeys
We observed no effect of chronic haloperidol exposure on relative fluorescence intensity
[F(1,3) = 1.72; p = .281], density [F(1,18.6) = .51; p = .483], or volume [F(1,2.88) = 2.82; p
= .195] of GAD65-IR puncta in deep layer 3 of primary auditory cortex (Figure 7).

Discussion
We found that GAD65-IR bouton fluorescence intensity was decreased within deep layer 3
in 27 subjects with schizophrenia relative to matched control subjects. Because the intensity
data that we collect using our microscopy and image processing methods are linearly related
to underlying object fluorophore content (47), we interpret the decrease in bouton
fluorescence intensity as a decrease in within-bouton GAD65 protein content. However,
caution must be used in interpretation of the magnitude of protein reduction, as the
stoichiometry of the binding of this antibody to GAD65 protein in tissue is not known for
certain to be linear. The reductions in GAD65-IR bouton fluorescence and decreased spine
density were correlated within subjects in the 15 subject pairs for whom both measures were
available. Finally, we report that the reductions in GAD65-IR bouton fluorescence intensity
were larger in those subjects who were not living independently at time of death.

GAD65 Protein Studies
The few prior studies that have examined GAD65 protein levels in the cortex of subjects
with schizophrenia report mixed results. Assessments of protein by Western blot suggest
that GAD65 protein level is unchanged in prefrontal and occipital cortices in subjects with
schizophrenia (48,49), and one study in temporal cortex reported a nonsignificant 27%
decrease in GAD65 compared with control subjects (50). Differences between these reports
of GAD65 protein levels and our own could be due to cohort-specific differences in subject
characteristics such as age and postmortem interval but most likely can be attributed to the
different methods used. We may have observed a larger reduction in GAD65 protein
expression because in contrast to the Western blot studies where GAD65 protein from a less
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specific region was analyzed, we measured GAD65 protein at its site of action within
boutons. For example, in a recent study using a similar approach to assess glutamate
decarboxylase 67 (GAD67) protein, a larger deficit was found within boutons than within
total gray matter when both were assessed in the same subjects (51). A potential biological
explanation for the discrepancy between total gray matter and within-bouton levels of
GAD65 and GAD67 protein is that transport of GAD65/GAD67 protein from the soma to
the axon bouton is impaired in subjects with schizophrenia. This could result in relatively
normal levels of protein detected unless within-bouton protein levels are examined
exclusively. Future immunohistochemistry studies could test this possibility by quantifying
GAD65 fluorescence within the somata of inhibitory neurons. Another possible source of
discrepancy is that different cortical regions were examined, and reduction of GAD65
protein may not occur universally but may be more pronounced in auditory cortex. Future
studies will be necessary to evaluate whether reduced GAD65 protein within inhibitory
boutons is specific to deep layer 3 or is a feature across cortical layers in primary auditory
cortex and other regions.

GAD65-IR Bouton Density, Number, and Volume
We found that the density of GAD65-IR inhibitory boutons was unaltered in deep layer 3 of
primary auditory cortex, despite significantly reduced bouton fluorescence intensity. Our
finding that GAD65-IR bouton density is unchanged in schizophrenia agrees with a previous
report that GAD65-IR puncta density is unaltered in the anterior cingulate and prefrontal
cortices (52). A potential difficulty in interpreting a lack of change in bouton density
between groups is that gray matter volume, particularly in the STG, is consistently reported
to be reduced in schizophrenia (14–19). Therefore, even though we identified no change in
bouton density in schizophrenia, it is possible that the number of boutons is reduced, and an
accompanying reduction in regional gray matter volume masks this effect when bouton
density is calculated—this is known as the reference trap (53). The stereological techniques
described in Dorph-Petersen et al. (41) that we used to generate the tissue sections for cohort
2 allowed us to systematically randomly sample the entire primary auditory cortex. Our
previous study showed no significant reduction in auditory cortex layer 3 gray matter
volume in schizophrenia (41). Similarly, using unbiased stereological principles of
sampling, we estimated the number of GAD65-IR boutons in auditory cortex deep layer 3
for each subject and found that the absolute numbers of GAD65-IR boutons were not altered
in schizophrenia.

We identified a reduction in mean bouton volume in subjects with schizophrenia, which was
significant within one cohort (cohort 2) of schizophrenia subjects relative to matched control
subjects. Given the difference between control and schizophrenia subject GAD65-IR bouton
fluorescence intensity in cohort 2 pairs, we tested whether reduced intensity mediated the
reduction in volume. Instead, we found that after correcting for bouton fluorescence
intensity, the association of reduced GAD65-IR bouton volume with schizophrenia was
strengthened. This evidence suggests that the reduction in GAD65-IR bouton volume is not
fully attributable to reduced GAD65 fluorescence intensity and may be an effect of
schizophrenia. If so, reduced bouton volume may further contribute to inhibitory bouton
impairment and lead to reduced inhibitory neurotransmission, as bouton size is positively
correlated with the number of active zones (54,55). However, caution must be used in the
interpretation of this finding, as reduced bouton volume in schizophrenia subjects was only
observed in one of our two cohorts studied.

Clinical Factors
We assessed the association between GAD65-IR bouton alterations and a number of clinical
factors, including whether the subject had a diagnosis of schizoaffective disorder or
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schizophrenia, died by suicide, was living independently at time of death, and had a history
of cannabis use or alcohol or other substance abuse. We found that the percent reduction in
GAD65-IR bouton fluorescence intensity was greater in those subjects who were not living
independently at time of death. One study has shown that tone-matching ability is
particularly impaired in schizophrenia subjects who require long-term residential care (8),
and reductions in auditory MMN amplitude are correlated with impairments in daily
function in patients (56). Social perception and emotion responsivity are independently
correlated with functional outcome in schizophrenia patients (57). Taken together, these
findings indicate that reductions in GAD65 protein levels within inhibitory boutons,
auditory processing, and social and emotional cognition are all associated with poor
functional outcome in schizophrenia.

A number of our subjects were taking antipsychotics, benzodiazepines, antidepressants, or
anticonvulsant medications at time of death. For a discussion of the association of these
medications with GAD65-IR bouton characteristics, see Supplemental Discussion in
Supplement 1.

Implications for Regulation of the Synthesis of GABA by GAD65 in Schizophrenia
Glutamate decarboxylase 65 exists predominantly in the inactive apoenzyme form and
readily associates with synaptic vesicle membranes (58), localizing it to the presynaptic
bouton where it is available to synthesize GABA for release. Association of inactive GAD65
with its cofactor pyridoxal-5’-phosphate to form the active holoenzyme form of GAD65 is
promoted by increased metabolism during periods of synaptic activity (reviewed in [35]).
Glutamate decarboxylase 65 thus serves as a molecular switch, allowing GABA synthesis to
be upregulated during conditions of high GABA demand, i.e., during periods of high
interneuron firing rates (36). Impairments in inhibitory transmission during increased
neuronal activity have been demonstrated in GAD65 knockout mice, which despite having
no difference in baseline levels of GABA (59), exhibit impaired neural plasticity (60) and
behavioral deficits (61). Our finding of reduced GAD65 protein within inhibitory boutons in
schizophrenia therefore suggests that upregulation of GABA production would be impaired
when interneurons fire at high rates, leading to depletion of GABA and depression of
inhibitory synapses under these conditions.

Implications for Specific Inhibitory Neuron Populations
Evidence suggests that GAD65 is the predominant glutamate decarboxylase (GAD) isoform
expressed in the cannabinoid receptor type 1 (CB1)-IR boutons of cholecystokinin (CCK)-
expressing interneurons, whereas GAD65 and GAD67 are co-expressed in the boutons of
parvalbumin (PV)-IR basket cells and GAD67 is the predominant isoform in the axon
cartridges of chandelier neurons (62). Therefore, reduced GAD65 protein expression in
CCK boutons is likely to greatly impair the function of these interneurons. Activating CB1
receptors decreases GABA release from CCK-IR neurons and disrupts auditory sensory
gating, as well as hippocampal and cortical theta and gamma range oscillatory activity in
rats (63). Further, reduced event-related gamma activity is observed in chronic cannabis
users (64), paralleling electrophysiological disruptions observed in schizophrenia (4,23–
27,29). Decreased GAD65 protein within CCK boutons would reduce GABA available for
release from these neurons, which would have a similar effect to that of CB1 receptor
agonists, suggesting that such an alteration could, at least in part, be responsible for the
disrupted oscillatory activity and auditory evoked potentials associated with schizophrenia.
Reduced GAD65 protein could also impair PV-IR basket cell function. Parvalbumin-IR
basket cells exhibit high firing rates (reviewed in [65]), a condition under which GAD65 is
thought to be necessary for maintaining adequate levels of GABA needed for release
(34,36). These fast-spiking interneurons are important for modulating the responses of
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primary auditory cortex pyramidal neurons to auditory stimuli (46) and for the induction of
gamma oscillations (66,67), which are abnormal in schizophrenia. In contrast, chandelier
cells, the terminals of which express predominantly GAD67 (62), would probably be less
affected by reduced GAD65 protein than PV-IR and CCK-IR interneurons. Taken together,
impairment of GABA release as the result of decreased GAD65 protein in CCK-IR and PV-
IR boutons may contribute to some features of abnormal auditory cortex function and
auditory processing in schizophrenia. Future studies determining whether reduced GAD65
expression is common to all GABAergic boutons in schizophrenia or specific to a certain
population of interneurons will provide more information as to how reduced within-bouton
expression of GAD65 protein impacts inhibitory neuron circuitry in schizophrenia.

Impaired GAD65-Mediated GABA Synthesis Could Disrupt Auditory Processing
Impaired GABAergic neurotransmission resulting from loss of GAD65 may impair the
processing of stimuli in auditory cortex. Altering inhibition impairs the frequency tuning and
response properties of auditory cortex neurons (68–70). An auditory stimulus elicits both
excitation and inhibition in auditory cortex, which shape the postsynaptic response to the
stimulus. Inhibition that roughly balances excitation contributes to the frequency selectivity
of pyramidal neurons by scaling down the level of excitation in response to noncharacteristic
frequencies (45) and by narrowing the tuning curve of the postsynaptic response through a
lateral inhibition mechanism (46). Reduced inhibition caused by reduced GAD65 in
schizophrenia may broaden frequency tuning of auditory cortex neurons and thus impair
stimulus discrimination.

Reduced GABA available for release resulting from loss of GAD65 protein could also
contribute to alterations in gamma-range aSSRs to modulated tones and noise measured in
subjects with schizophrenia (24,29). Rapid adjustments in levels of inhibition balance large
fluctuations in excitation during gamma oscillations and regulate the oscillation frequency
(33,71). If insufficient GABA is available for release during this process due to reduced
GAD65 protein, this could lead to the reductions of gamma band power and phase
synchrony in schizophrenia (24). Interestingly, in human visual cortex, GABA concentration
is directly proportional to the frequency of gamma oscillations and is inversely related to
stimulus discrimination threshold (72). If the same is true for auditory cortex, reduced
GABA synthesis resulting from decreased GAD65 protein may contribute to disruptions in
gamma oscillations and auditory discrimination impairments in schizophrenia. However, the
relationship between steady state GABA levels and GAD65 protein remains to be
determined, and studies of GABA levels in human cortex report conflicting findings (73–
75).

Reduced GAD65 Protein Levels May Compensate for Reduced Excitatory Activity
We observed a correlation between GAD65-IR bouton fluorescence intensity and dendritic
spine density reductions, a finding that is consistent with other studies that have
demonstrated that GAD expression and spine density are often co-regulated in cerebral
cortex. Additionally, we found that dendritic spine density and percent reduction were
significantly correlated with GAD65-IR bouton density and percent reductions in
schizophrenia subjects. Reduced dendritic spine density occurs in multiple cortical regions
in schizophrenia (76), and reduced expression of GABAergic markers is also conserved
across cortical regions (77–79). Further, correlation between expression levels of excitatory
and inhibitory synapse markers in the prefrontal cortex appears to be stronger in
schizophrenia subjects than in control subjects (80). We also observed stronger correlations
between spine density and both within-bouton GAD65 protein and GAD65-IR bouton
density in schizophrenia subjects compared with control subjects. This raises the possibility
that reduced inhibition and reduced spine density are related pathologies in schizophrenia.
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Several lines of evidence indicate that reducing or disrupting GAD activity can have
stability-promoting effects on dendritic spines. Monocular deprivation results in elimination
of spines in layer 2/3 of visual cortex, but when GAD65 is disrupted, monocular
deprivation-induced loss of spines does not occur (81). Further, GAD65 knockout mice are
reported to have elevated spine density (81), and spine density increases when cultured
neurons are exposed to the GAD inhibitor mercaptopropionic acid (82). Conversely, studies
using a variety of methods have demonstrated that reducing neuronal activity or sensory
input decreases expression of GAD (83–86). Therefore, our finding of correlated reductions
in within-bouton GAD65 protein and spine density would be unlikely to indicate that
reduced GAD65 expression causes spine loss in schizophrenia. Instead, reduced excitatory
drive from the loss of dendritic spines may lead to a compensatory reduction in GAD65
protein expression. This could be evaluated by determining whether a reduction in within-
bouton GAD65 expression occurs subsequent to accelerated loss of spines, e.g., during
normal adolescent spine pruning (87,88), or in animal models of adolescentonset spine
reduction (89).

Conclusions
In summary, our study is the first to find that GAD65 protein levels are reduced within
GAD65-expressing boutons of primary auditory cortex in subjects with schizophrenia. This
reduction may impair inhibitory transmission during auditory processing, causing impaired
oscillatory activity and disrupting stimulus discrimination. Understanding the cell types in
which GAD65 expression is reduced in schizophrenia will be important for the future design
of therapies directed at this pathological feature. Similarly, studies that investigate the
temporal relationship between GAD65 protein and excessive dendritic spine loss will be
important to determine how to best target these features for prevention.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sampling of glutamate decarboxylase 65-immunoreactive boutons in primary auditory
cortex deep layer 3. (A) Illustration of delineation of primary auditory cortex deep layer 3 on
sections containing auditory cortex for human and antipsychotic exposed macaque cohorts.
(Left) Cohort 1: Previously, every tenth section with a random start was selected from
superior temporal gyrus blocks and processed for Nissl staining, and primary auditory cortex
(Brodmann area 41) was identified using cytoarchitectonic criteria (42). Three Nissl-stained
sections in which primary auditory cortex was cut perpendicular to the pial surface were
selected for each subject, and sections adjacent to or nearby these sections were chosen for
immunohistochemistry. (Middle) Cohort 2: Four primary auditory cortex blocks per subject
were selected using a systematic uniformly random sampling scheme (90), designed to
sample four primary auditory cortex blocks from each subject with equal probability. The
central section of each block was stained for Nissl substance and used to delineate the
cortical layer boundaries. From each selected block, one section adjacent to or nearby the
center Nissl section was used in the present study. (Right) Antipsychotic-exposed macaques:
Left hemisphere coronal superior temporal gyrus sections were generated similar to cohort 1
sections. Cytoarchitectonic criteria were used to identify primary auditory cortex, and three
primary auditory cortex containing sections from each animal were selected for
immunohistochemistry (43,44). For each human and monkey subject, the borders of layers
2/3 and 3/4 were identified on each of the adjacent Nissl-stained sections to determine the
total layer 3 area for each subject. A contour outline (white) of the deepest one third of layer
3 was drawn in Stereo Investigator (MicroBright-Field Inc., Colchester, Vermont). The
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contours were aligned with the glutamate decarboxylase 65-labeled tissue sections using pial
surface fiduciaries traced from the Nissl-stained sections. (B) A sampling grid was generated
in Stereo Investigator to generate 12 to 14 sampling sites for each human subject and
approximately 20 sites for each nonhuman primate subject. The grid size was determined
based on the total deep layer 3 area across all tissue sections for a subject and the desired
number of sampling sites per subject (12 for cohort 1 and 14 for cohort 2). The grid was then
randomly rotated over the contour, and a sampling site was marked at every intersection
between the grid and the deep layer 3 contour (shown as counting frames for the purpose of
illustration; see Supplemental Methods in Supplement 1 for description of the associated
point rule used in this study). (C) At each sampling site, a 10-µm thick stack of 46 image
planes, each separated by .22 µm, was collected using spinning disk confocal microscopy.
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Figure 2.
Within-bouton level of glutamate decarboxylase 65 protein is reduced in subjects with
schizophrenia. (A) Mean puncta fluorescence intensity for each schizophrenia-control
subject pair in cohort 1 (open circles and triangle) and cohort 2 (filled circles). Reference
line represents schizophrenia = control subject values, where points below the line indicate a
pair where control subject > schizophrenia and points above the line indicate schizophrenia
> control subject. (B) Diagnostic group mean puncta fluorescence intensity for control (C)
and schizophrenia (S) subjects in cohorts 1 (open bars) and 2 (gray bars). Error bars are ±
SEM. (C) Representative projection image of glutamate decarboxylase 65-immunoreactive
boutons from control subject 451 and schizophrenia subject 317 (cohort 1, pair 9,
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represented by open triangle in [A]). Scale bar represents 10 µm. Images are displayed
across equivalent gray scale ranges.
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Figure 3.
Glutamate decarboxylase 65-immunoreactive puncta density and volume in deep layer 3 of
primary auditory cortex of subjects with schizophrenia. (A) (Top) Mean puncta density for
each schizophrenia-control subject pair in cohort 1 (open circles) and cohort 2 (filled
circles). Reference line represents schizophrenia = control subject values, where points
below the line indicate a pair where control subject > schizophrenia and points above the
line indicate schizophrenia > control subject. (Bottom) Diagnostic group mean puncta
density for control (C) and schizophrenia (S) subjects in cohorts 1 (open bars) and 2 (gray
bars). (B) (Top) Mean puncta volume for each schizophrenia-control subject pair in cohort 1
(open circles) and cohort 2 (filled circles). Reference line represents schizophrenia = control
subject values, where points below the line indicate a pair where control subject >
schizophrenia and points above the line indicate schizophrenia > control subject. (Bottom)
Diagnostic group mean puncta volume for control (C) and schizophrenia (S) subjects in
cohorts 1 (open bars) and 2 (gray bars). Error bars are ± SEM.
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Figure 4.
Relationship between independent living status of schizophrenia subjects and the reduction
in mean glutamate decarboxylase 65-immunoreactive (GAD65-IR) bouton fluorescence
intensity. The percent change in GAD65-IR bouton fluorescence intensity in subjects with
schizophrenia is significantly greater in pairs where the schizophrenia subject was not living
independently at time of death [t(24) = 2.77, p = .011]. Horizontal lines indicate mean
pairwise percent change relative to control subjects. Gray dashed line indicates zero percent
change. There was no significant relationship between independent living status and percent
change in GAD65-IR bouton density [t(24) = .09, p = .925] or volume [t(24) = 1.86, p = .
075] relative to control subjects (data not shown).
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Figure 5.
Correlations between mean and percent change in glutamate decarboxylase 65-
immunoreactive (GAD65-IR) puncta fluorescence intensity and spine density in primary
auditory cortex. (A) Mean GAD65-IR puncta fluorescence plotted as a function of
spinophilin-immunoreactive (IR) puncta density for each subject in cohort 1. Open circles =
control subject, filled circles = schizophrenia subject. Dashed line represents the regression
line. (Pearson r = .525, p = .003). (B) The percent change in GAD65-IR puncta mean
fluorescence intensity plotted as a function of the percent change in spinophilin-IR puncta
density for pairs in cohort 1 (schizophrenia subjects relative to matched control subjects).
Dashed line represents the regression line. (Pearson r = .745, p = .001).
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Figure 6.
Glutamate decarboxylase 65-immunoreactive puncta number in deep layer 3 of primary
auditory cortex of subjects with schizophrenia. (Top) Mean puncta number for each
schizophrenia-control subject pair in cohort 2. Reference line represents schizophrenia =
control subject values, where points below the line indicate a pair where control subject >
schizophrenia and points above the line indicate schizophrenia > control subject. (Bottom)
Diagnostic group mean puncta number for control (C) and schizophrenia subjects (S). Error
bars are ± SEM.
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Figure 7.
Chronic antipsychotic exposure does not alter glutamate decarboxylase 65-immunoreactive
puncta mean intensity (A), density (B), or volume (C) in adult male macaques. Horizontal
lines indicate group means.
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