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Objective: Individuals with schizophre-
nia exhibit disturbances in a number of
cognitive, affective, sensory, and motor
functions that depend on the circuitry of
different cortical areas. The cognitive def-
icits associated with dysfunction of the
dorsolateral prefrontal cortex result, at
least in part, from abnormalities in GABA
neurotransmission, as reflected in a spe-
cific pattern of altered expression of
GABA-related genes. Consequently, the
authors sought to determine whether this
pattern of altered gene expression is re-
stricted to the dorsolateral prefrontal cor-
tex or could also contribute to the dys-
function of other cortical areas in subjects
with schizophrenia.

Method: Real-time quantitative poly-
merase chain reaction was used to assess
the levels of eight GABA-related tran-
scripts in four cortical areas (dorsolateral
prefrontal cortex, anterior cingulate cor-
tex, and primary motor and primary vi-
sual cortices) of subjects (N=12) with
schizophrenia and matched normal com-
parison subjects.

Results: Expression levels of seven tran-
scripts were lower in subjects with schizo-
phrenia, with the magnitude of reduction
for each transcript comparable across the
four areas. The largest reductions were
detected for mRNA encoding somatosta-
tin and parvalbumin, followed by moder-
ate decreases in mRNA expression for the
67-kilodalton isoform of glutamic acid de-
carboxylase, the GABA membrane trans-
porter GAT-1, and the a1 and & subunits
of GABAAa receptors. In contrast, the ex-
pression of calretinin mRNA did not differ
between the subject groups in any of the
four areas.

Conclusions: Because the areas exam-
ined represent the major functional do-
mains (e.g., association, limbic, motor,
and sensory) of the cerebral cortex, our
findings suggest that a conserved set of
molecular alterations affecting GABA neu-
rotransmission contribute to the patho-
physiology of different clinical features of
schizophrenia.

(Am ] Psychiatry 2008; 165:479-489)

The core features of schizophrenia include distur-
bances in critical cognitive functions, such as working
memory, that are mediated by the neural circuitry of the
dorsolateral prefrontal cortex (1, 2). In the dorsolateral
prefrontal cortex of subjects with schizophrenia, markers
of inhibitory neurotransmission appear to be impaired
(3). For example, reduced levels of mRNA encoding the 67-
kilodalton isoform of glutamic acid decarboxylase
(GADg7), the enzyme principally responsible for GABA
synthesis (4), and the GABA membrane transporter GAT-1,
which regulates the reuptake of synaptically released
GABA, have been replicated in multiple postmortem stud-
ies of schizophrenia (5-12). These alterations in markers
of GABA neurotransmission appear to involve specific
subsets of GABA neurons. For example, mRNA encoding
parvalbumin and somatostatin, each of which is ex-
pressed in a separate subset of GABA neurons, was de-
creased, whereas mRNA encoding calretinin, which is
expressed in a third subset of GABA neurons, was un-
changed in subjects with schizophrenia (11, 13). Further-

more, reduced GABA synthesis might be selectively medi-
ated by a deficit in GADg7, because neither mRNA nor
protein levels of GADgs, which contributes to GABA syn-
thesis only under conditions of high synaptic demand (4),
were altered in the dorsolateral prefrontal cortex of sub-
jects with schizophrenia (8). In addition to these presyn-
aptic markers of GABA neurotransmission, we recently re-
ported decreased mRNA expression for several GABAa
receptor subunits in the dorsolateral prefrontal cortex of
subjects with schizophrenia (11), including the a1 and &
subunits, the major subunits in synaptic and extrasynap-
tic cortical GABA4 receptors, respectively. Because normal
working memory function depends upon GABA-mediated
neurotransmission in the dorsolateral prefrontal cortex
(14), these molecular alterations are thought to contribute
to working memory disturbances in subjects with schizo-
phrenia (3).

Individuals with schizophrenia also exhibit abnormali-
ties in other cognitive, affective, sensory, and motor func-
tions that depend on the circuitry of other cortical regions
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TABLE 1. Demographic Characteristics of Subjects

Normal Comparison Subjects

Postmortem
Interval Storage Time

Pair Sex Race Age (years) (hours) RNA Integrity? (months)? Cause of Death
1 Male Black 41 221 9.0 116 Atherosclerotic coronary vascular disease
2 Male Black 20 14.0 8.4 127 Gun shot wound to chest
3 Male White 65 21.2 9.0 110 Atherosclerotic coronary vascular disease
4 Male White 39 19.3 8.6 113 Hypoplastic coronary artery disease
5 Male White 56 14.5 8.1 103 Hypoplastic coronary artery disease
6 Male Black 19 7.0 9.2 96 Trauma
7 Female Black 55 11.3 9.6 118 Atherosclerotic coronary vascular disease
8 Male White 42 26.1 8.7 100 Atherosclerotic coronary vascular disease
9 Male White 54 8.0 9.1 72 Cardiac tamponade
10 Female White 73 19.7 7.7 10 Anaphylactic reaction
11 Male White 48 16.6 8.9 71 Atherosclerotic coronary vascular disease
12 Male White 40 15.8 8.4 95 Atherosclerotic coronary vascular disease

a Assessed as RNA integrity number and measured on the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, Calif.).

b Tissue stored at —80°C.

¢ Taking benzodiazepines at time of death.

d Taking valproic acid at time of death.

€ Alcohol abuse in remission at time of death.

f Alcohol dependence current at time of death.

8 Other substance abuse current at time of death.

h Not taking antipsychotic medication at time of death.
' Other substance abuse in remission at time of death.
} Alcohol dependence in remission at time of death.

(15-17). Therefore, we sought to determine whether the
specific pattern of changes in GABA-related transcript ex-
pression observed in the dorsolateral prefrontal cortex
(i.e., decreased mRNA expression for GADg7, GAT-1, parv-
albumin, somatostatin, GABAa a1, and GABA, 6 and unal-
tered mRNA expression for calretinin and GADgs) is
specific to this area only or could also contribute to the
dysfunction of other cortical areas in subjects with the ill-
ness. Consequently, we assessed the levels of these eight
transcripts in four cortical areas (the dorsolateral prefron-
tal cortex, the anterior cingulate cortex, and the primary
motor and primary visual cortices) of subjects with
schizophrenia and matched normal comparison subjects.
Because these areas represent the major functional
domains of the cerebral cortex (e.g., association, limbic,
motor, and sensory functions, respectively), they provide a
robust test of the hypothesis that a conserved set of mo-
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lecular alterations underlie the pathophysiology of differ-
ent clinical features of schizophrenia.

Method

Subjects

Brain specimens were obtained during autopsies conducted at
the Allegheny County Medical Examiner’s Office, Pittsburgh, after
consent was obtained from next of kin. We analyzed 12 pairs of
subjects, each pair consisting of a subject with schizophrenia and
a normal comparison subject matched for gender, age, and post-
mortem interval. Schizophrenia and comparison subjects did not
differ in terms of age (mean=47.6 years [SD=13.2] versus 46.0
years [SD=16.2], respectively; t=1.1, df=11, p=0.28) or postmortem
interval (mean=18.0 hours [SD=11.0] versus 16.3 hours [SD=5.8];
t=0.90, df=11, p=0.39) (Table 1). Because this study was designed
to determine if the pattern of GABA-related transcript expression
in the dorsolateral prefrontal cortex of subjects with schizophre-
nia is also present in other cortical areas, we selected 12 pairs in
which the subjects with schizophrenia exhibited the largest dif-
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Subjects With Schizophrenia

Cortical Area

Postmortem Storage
Age Interval Time Area Area Area Area
Sex Race (years) (hours) RNA Integrity? (months)®  Cause of Death DSM-IV Diagnosis 9 24 4 17
Male White 40 29.1 8.4 126 Accidental Chronic undiffer- N ~ ~ ~
asphyxiation entiated schizo-
phrenia
Male Black 27 16.5 7.4 123 Heat stroke Schizoaffective ~ N N ~
disorder< d
Male  White 63 18.3 8.0 120 Atherosclerotic Chronic \ v v \/
coronary undifferentiated
vascular disease  schizophrenia® ¢
Male  White 46 28.1 7.9 118 Accidental Chronic paranoid \ \ Xl \
combined drug schizophrenia®®
overdose fg
Male  White 58 18.9 7.4 1M Right middle Chronic N v v N
cerebral artery undifferentiated
infarction schizophrenia”
Male  White 25 5.0 9.3 77 Suicide by drug  Schizoaffective v N N v
overdose disorder® d. f. h.i
Female White 48 3.7 93 127 Intracerebral Chronic v v
hemmorrhage disorganized
schizophreniaf
Male  White 50 40.5 8.1 125 Suicide by Schizoaffective \ \ \ \
combined drug  disorderd]
overdose
Male  Black 52 8.0 7.7 87 Peritonitis Schizoaffective V J
disorder!
Female White 71 23.8 7.0 60 Atherosclerotic Chronic v N N
coronary undifferentiated
vascular disease  schizophrenia
Male  White 47 15.7 8.2 57 Atherosclerotic Continuous \ v v \
coronary disorganized
vascular disease  schizophreniad: i
Male  White 44 8.3 8.1 56 Myocarditis Disorganized v N N

schizophrenia®

ferences in GADg7y mRNA expression, as determined by in situ hy-
bridization in a previous study (10).

An independent committee of experienced research clinicians
made consensus DSM-IV diagnoses for each subject on the basis
of medical records and structured diagnostic interviews con-
ducted with the decedent’s family members, as described previ-
ously (18). All procedures were approved by the University of Pitts-
burgh’s Committee for the Oversight of Research Involving the
Dead and Institutional Review Board for Biomedical Research.

Tissue Preparation

The right hemisphere of each brain was blocked coronally, im-
mediately frozen, and stored at —-80°C, as described previously (7).
The tissue storage time did not differ between subjects with
schizophrenia (mean=98.9 months, SD=29.4) and comparison
subjects (mean=94.3 months, SD=31.6; t=0.72, df=11, p=0.50) (Ta-
ble 1). The cortical gray matter of each cortical area (Figure 1) was
dissected from cryostat sections (40 pm) of freshly frozen brain
blocks in a manner that insured limited white matter contamina-
tion and excellent RNA preservation. Brodmann’s area 9 of the
dorsolateral prefrontal cortex was identified cytoarchitectonically
(7) using coronal sections cut along the rostrocaudal axis of the
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superior frontal sulcus. The anterior cingulate cortex (area 24)
was defined as the gray matter located between the dorsal surface
of the corpus callosum and the fundus of the cingulate sulcus in
coronal sections cut at the level of the anterior genu of the corpus
callosum. The primary motor cortex (area 4) was identified cy-
toarchitectonically by the presence of Betz cells at the knee repre-
sentation of the precentral gyrus. The primary visual cortex (area
17) was identified by the presence of the stria of Gennari within
the calcarine sulcus in coronal sections cut 1 centimeter rostral to
the occipital pole. Brain blocks were available from 12, 11, 10, and
9 subject pairs for the analyses of areas 9, 24, 4, and 17, respec-
tively (Table 1). Total RNA was isolated from tissue homogenates
and further purified using RNeasy Tissue Kit (Qiagen, Valencia,
Calif.), and RNA integrity was assessed by measuring the RNA in-
tegrity number, using the Agilent 2100 bioanalyzer (Agilent Tech-
nologies, Santa Clara, Calif.) (11). Although the mean value of
RNA integrity in the normal comparison group (8.73, SD=0.52)
was significantly higher than that of the schizophrenia group
(8.07, SD=0.70; t=5.9, p<0.01), RNA samples from all subjects had
RNA integrity values >7.0 (Table 1), indicating the excellent qual-
ity of total RNA for all subjects (19).
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FIGURE 1. Locations of Cortical Gray Matter Excision for the Purpose of RNA Extraction?
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a As shown in coronal sections through the right hemisphere of the human brain. Approximate locations where cortical gray matter was excised

are in red.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was converted into complementary DNA with ran-
dom primers and quantitative real-time reverse transcriptase
polymerase chain reaction (QPCR). The cycle threshold for each
transcript of interest was determined using SYBR Green 1 dye and
ABI PRISM 7000 (Applied Biosystems, Foster City, Calif.). The dif-
ference in cycle threshold between two transcripts equals the logz-
transformed value of their expression ratio. High amplification ef-
ficiency (297%) was confirmed for each of the primer sets by per-
forming individual standard curve analyses (data supplement Ta-
ble 1, available online at http://ajp.psychiatryonline.org). In
addition, all primer sets amplified specific single products in dis-
sociation curve analyses. Each qPCR run for a given region in-
cluded both subjects in a pair and amplified all 11 transcripts of
interest in quadruplicate using a plate with 96 wells (2 subjectsx11
transcriptsx4 replications). Two qPCR runs (two plates) were per-
formed for each subject pair for each region, with each run analyz-
ing samples from a different reverse transcription. Reported ex-
pression levels represent the mean of the two qPCR runs.

Regional Survey of GABA-Related Transcript
Expression

Eight GABA-related transcripts (GADg7, GADgs, GAT-1, parval-
bumin, somatostatin, calretinin, and GABAx o1 and 8 subunits)
were amplified with three internal control transcripts encoding
for beta-actin, cyclophilin A, and glyceraldehyde-3-phosphate
dehydrogenase for each of the four cortical areas of each subject
pair. These three internal control transcripts were selected based
on their stable expression across subjects regardless of diagnosis
(see data supplement Table 1). The difference in cycle threshold
for each GABA-related transcript was calculated by subtracting
the mean cycle threshold for beta-actin, glyceraldehyde-3-phos-
phate dehydrogenase, and cyclophilin A from the cycle threshold
of each GABA-related transcript. Because this difference in cycle
threshold (dCt) represents the log,-transformed expression ratio
of each GABA-related transcript to the geometric mean of the
three internal control transcripts (20), the expression level of each
GABA-related transcript was determined as 2-9Ct, For each GABA-
related transcript in each cortical area, differences within each
subject pair were determined as —d(dCt) (difference in cycle
threshold for the comparison subject minus the difference in cy-
cle threshold for the schizophrenia subject in each pair), which
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equals the logy-transformed expression ratio of the schizophrenia
subject to the normal comparison subject (11).

Statistical Analysis

To determine the schizophrenia-related expression pattern of
each GABA-related transcript across cortical areas, we employed
a multivariate analysis of variance (MANOVA) model. The obser-
vations from the four cortical regions were treated as repeated
measurements with an unconstrained covariance matrix. The
fixed effects of diagnosis, cortical area, and interaction between
diagnosis and cortical area were included and tested. Diagnosis
was considered as a between-subjects effect and cortical area was
considered as a within-subject effect. Because each region of each
pair was analyzed separately in a different qPCR run, a systematic
pair effect reflecting differences in qPCR runs was possible. Thus,
pair and the interaction between cortical area and pair were con-
sidered as blocking effects. The expression levels of GABA-related
transcripts were logs-transformed in order to stabilize the vari-
ability across different cortical areas. The analysis was imple-
mented using SAS Proc Mixed (SAS Institute, Cary, N.C.).

In each cortical area, differences in GABA-related transcript ex-
pression were rank-ordered according to the mean magnitude of
the logs-transformed values. Spearman’s rank-order correlation
was calculated across any two cortical areas, and a permutation
test was performed to assess the null hypothesis that the rank or-
ders were not related between areas. The null hypothesis was re-
jected if p values were smaller than the adjusted significance lev-
els for multiple comparisons and rank orders were considered to
be concordant between cortical areas.

To control for multiple comparisons, significance levels were
adjusted for simultaneous inference using the Bonferroni-Holm
method (7), in which p values are ordered from smallest (i=1) to
largest (i=N) among multiple comparisons, and the significance
level for each comparison is defined as 0.=0.05/ ([N+1]-i).

Results

Changes in GABA-Related Transcript Expression
Across Cortical Areas

Regional patterns of expression for three transcripts are
shown in Figure 2. Within both subject groups, the levels
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of GADg; mRNA were comparable across all cortical areas
(Figure 2). As a consequence, the mean reduction in levels
of GADg7 mRNA was similar across regions (28%, 21%,
28%, and 32% in Brodmann’s areas 9, 24, 4, and 17, respec-
tively). MANOVA revealed a significant effect of diagnosis
(F=18, df=1, 6.5, p=0.005), but no effect of cortical area (F=
1.6, df=3, 7.1, p=0.28). The interaction between diagnosis
and area was not significant (F=0.49, df=3, 7, p=0.70), indi-
cating that the magnitude of between-group differences in
GADg7 mRNA expression did not differ across the four cor-
tical areas. In addition, within-subject pair differences in
GADg; mRNA expression in area 9 detected by gPCR were
highly correlated (r=0.78, p=0.003) with those determined
by in situ hybridization for the same subject pairs (10),
substantiating our decision to measure mRNA using re-
verse transcriptase gPCR.

Expression levels of somatostatin and GABAj 0.1 mRNA
were also reduced in schizophrenia subjects across the
four areas (Figure 2). However, in contrast to the findings
for GADg7; mRNA, expression levels of somatostatin and
GABA, ool mRNA differed across cortical areas in both sub-
ject groups. Somatostatin mRNA levels were highest in area
24, intermediate in area 9, and lowest in areas 4 and 17
(Figure 2), whereas GABAA a1 mRNA levels appeared high-
estin area 17, intermediate in areas 9 and 4, and lowest in
area 24 (Figure 2). Indeed, MANOVA revealed significant
effects of both diagnosis (somatostatin: F=36, df=1, 9.1,
p<0.001; GABA4 al: F=8.3, df=1, 9.2, p=0.018) and area (so-
matostatin: F=130, df=3, 6.5, p<0.001; GABA, al: F=220,
df=3, 5.5, p<0.001) for these two transcripts. However, in-
teractions between diagnosis and area for somatostatin
(F=1.3,df=3, 6.9, p=0.36) and GABAx a1l (F=2.9, df=3, 5.4, p=
0.14) were not significant, indicating that the magnitude of
reduction in these types of mRNA did not differ across the
four cortical areas in subjects with schizophrenia.

For each GABA-related transcript, the differences in ex-
pression within each subject pair across the four cortical
areas are shown in Figure 3. For scale linearity, transcript
expression differences in each pair are plotted as logp-
transformed ratios of schizophrenia subject to matched
comparison subject. The logs-transformed ratios for
GADg7, GADgs, GAT-1, parvalbumin, somatostatin, GABAa
o1, and GABA 6 mRNA were <0 for the majority of subject
pairs, indicating reduced expression in subjects with
schizophrenia. For each transcript, the magnitude of de-
crease appeared to be similar across the four cortical ar-
eas. MANOVA revealed a significant effect of diagnosis for
each of these seven transcripts, without significant inter-
action between diagnosis and area, and the effect of diag-
nosis remained significant after correction for multiple
comparisons (Figure 3). In addition, area had a significant
effect on all transcript levels except for GADg7, indicating
different transcript expression levels across cortical areas.
Finally, in agreement with previous studies using in situ
hybridization (13) or microarrays (11), we did not detect a
significant difference in calretinin mRNA expression be-
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tween subjects with schizophrenia and normal compari-
son subjects in any cortical area.

The pattern of change in transcript expression across
cortical areas is summarized in Figure 4. Rank-orders
based on the magnitude of decrease in transcript expres-
sion in subjects with schizophrenia were significantly pre-
served across the four cortical areas, rejecting the null hy-
pothesis even after correction for multiple comparisons
(Figure 4). In addition, the relative magnitudes of differ-
ence between subjects with schizophrenia and normal
comparison subjects for each transcript appeared to be
conserved across the four areas. Somatostatin and parval-
bumin mRNA exhibited the largest decrease (>50% in ev-
ery area), followed by GADg7, GABAA 01, GABAA 9, and
GAT-1 mRNA, which showed average decreases of ~20%—
30%. GADg5s mRNA showed the smallest decrease in sub-
jects with schizophrenia with an average 15% decrease
across cortical areas.

In order to determine if these changes in GABA-related
transcript expression were influenced by the use of sub-
stances that affect GABA neurotransmission, such as alco-
hol or benzodiazepines and mood stabilizers, we com-
pared subject pairs with or without reported substance
use in the pair’s subject with schizophrenia at the time of
death. Differences in expression within subject pairs did
not differ between subject pairs with and without reported
alcohol abuse/dependence or between pairs with and
without reported use of benzodiazepines/mood stabiliz-
ers for any of the eight GABA-related transcripts in area 9
(data supplement Figure 2). In addition, no significant dif-
ferences in expression between pairs with and without a
diagnosis of schizoaffective disorder were observed in
area 9 (data supplement Figure 2). Similar findings were
present in the other three cortical areas (data not shown).

Discussion

Expression levels of seven GABA-related transcripts
were reduced in subjects with schizophrenia in each of
four cortical regions, with the magnitude of decrease for
each transcript comparable across the four cortical areas.
The largest decreases were detected for mRNA encoding
somatostatin and parvalbumin, each of which is selec-
tively expressed by a distinct subset of GABA neurons.
General mediators of GABA neurotransmission, such as
GADg7 and GAT-1 mRNA (which are expressed by all GABA
neurons) and GABA4 receptors a1 and & subunits (which
are expressed by both GABA and pyramidal neurons),
showed moderate decreases in subjects with schizophre-
nia. mRNA for GADg; exhibited the smallest, although still
significant, decrease across the four areas (Figure 3). In
contrast, the expression of calretinin mRNA, which is ex-
pressed in ~50% of GABA neurons that contain neither
parvalbumin nor somatostatin (21), did not differ between
subject groups in any of the four areas.

ajp.psychiatryonline.org 483
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FIGURE 2. GABA-Related Transcript Expression Levels Across the Four Cortical Areas of Subjects With Schizophrenia and

Matched Normal Comparison Subjects?
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a Expression levels of each GABA-related transcript were determined as ratios to the geometric mean of the three most stable control transcript
(beta-actin, cyclophilin A, and glyceraldehyde-3-phosphate dehydrogenase).

bSignificant effect of diagnosis only (F=18, df=1, 6.5, p=0.005).

¢ Significant effect of diagnosis (F=36, df=1, 9.1, p<0.001) and area (F=130, df=3, 6.5, p<0.001).
d Significant effect of diagnosis (F=8.3, df=1, 9.2, p=0.018) and area (F=220, df=3, 5.5, p<0.001).

These findings suggest that intrinsic cortical GABA neu-
rotransmission in schizophrenia, with selective involve-
ment of the parvalbumin- and somatostatin-containing
subsets of GABA neurons, is altered in a similar manner

484 ajp.psychiatryonline.org

across cortical regions that are markedly different in
cytoarchitecture, connectivity, and function. Further-
more, impaired GABA neurotransmission is unlikely to be
restricted to the cortical areas or subjects evaluated in this

Am | Psychiatry 165:4, April 2008
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FIGURE 3. Summary of Differences in GABA-Related Transcript Expression in Subjects With Schizophrenia Across the Four

Cortical Areas?
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a Differences in expression within each subject pair for each transcript are plotted as log,-transformed ratios of schizophrenia subjects to nor-
mal comparison subjects. Corresponding nontransformed schizophrenia/normal comparison expression ratios are shown on the right axis.
Horizontal bars indicate the mean for all subject pairs in each cortical area.

b Significant effect of diagnosis only for GADg7 (F=18, df=1, 6.5, p=0.005) and both diagnosis (F=11, df=1, 11, p=0.008) and area (F=20, df=3,

9.4, p<0.001) for GADgs.

¢ Significant effect of both diagnosis (F=4.9, df=1, 11, p=0.048) and area (F=15, df=3, 11, p<0.001).
d Significant effect of both diagnosis (F=21, df=1, 7.6, p=0.002) and area (F=870, df=3, 6.5, p<0.001).
€ Significant effect of both diagnosis (F=36, df=1, 9.1, p<0.001) and area (F=130, df=3, 6.5, p<0.001).

f Significant effect of area only (F=150, df=3, 9, p<0.001).

8 Significant effect of both diagnosis and area for GABA4 receptor o1 subunit (F=8.3, df=1, 9.2, p=0.018; F=220, df=3, 5.5, p<0.001, respec-
tively) and & subunit (F=14, df=1, 6.5, p=0.008; F=113, df=3, 7.6, p<0.001, respectively).

study, since reductions in GADg; and GAT-1 mRNA and/or
protein have been previously reported in the auditory cor-
tices of the superior temporal gyrus and in the anterior
cingulate cortex in other subject cohorts (22-24). There-
fore, impaired cortical GABA neurotransmission in schizo-
phrenia is not likely due to factors more characteristic of
altered dorsolateral prefrontal cortex (relative to at least
some other cortical regions) circuitry in schizophrenia,
such as reduced pyramidal cell dendritic spine density
(18) or reduced excitatory input from the hippocampus
(25) or mediodorsal thalamus (26). Instead, the conserved
pattern of alteration in transcript levels is consistent with
the presence of one or more common upstream mecha-
nisms that are operative across cortical areas. For exam-
ple, polymorphisms in genes encoding GADg7 (12) and
GABA4 receptor subunits (27) have been associated with

Am | Psychiatry 165:4, April 2008

both schizophrenia and alterations in their transcript lev-
els. Furthermore, a recent study indicated that the signal-
ing of neuregulin-1 through its receptor ErbB4, both of
which are the products of putative susceptibility genes in
schizophrenia (28), regulates inhibitory neurotransmis-
sion by a subset of cortical GABA neurons (29). Finally,
parvalbumin- and somatostatin-containing cortical GABA
neurons originate within the medial ganglionic eminence,
whereas calretinin-containing GABA neurons are derived
from the caudal ganglionic eminence (30). In addition,
both time of birth (30) and transcription factors that regu-
late early differentiation (31) differ across these subpopu-
lations of GABA neurons. Therefore, alterations in factors
that are associated with the origin or maturation of both
parvalbumin- and somatostatin-containing, but not cal-
retinin-containing, GABA neurons could account for both
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FIGURE 4. Rank-Order by Magnitude of Change in GABA-Related Transcript Expression Across Cortical Areas?
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a A) Eight GABA-related transcripts rank-ordered by the magnitude of difference in their expression for each cortical area. B) Spearman’s rank-
order correlation coefficients calculated between the rank-orders of any given two cortical areas.

cell type specificity and regional conservation of GABA
neuron disturbances in schizophrenia.

The results of this study also address the question of
whether cortical pathology is more pronounced in the
dorsolateral prefrontal cortex than in other cortical re-
gions in subjects with schizophrenia. For example, previ-
ous studies found that both the size of neurons (32) and
the density of pyramidal neuron dendritic spines (18) were
significantly decreased in the dorsolateral prefrontal cor-
tex, but not the primary visual cortex, of subjects with
schizophrenia. However, our current observations do not
support the idea of preferential involvement of the dorso-
lateral prefrontal cortex, at least with regard to GABA-re-
lated transcript expression. Interestingly, we have previ-
ously found conserved reduction in the somal volume of
layer 3 pyramidal neurons across the dorsolateral prefron-
tal cortex in Brodmann’s area 9, primary auditory area 41,
and auditory association area 42 in subjects with schizo-
phrenia (33-35). Thus, at least several types of cortical pa-
thology, affecting both inhibitory and excitatory neurons,
might commonly be present across different cortical areas
regardless of their functional properties, whereas other
types of pathology might be relatively region-specific.
486
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Evidence indicates that the reduced expression of
GABA-related transcripts in schizophrenia is not attribut-
able to the pharmacological treatment of the illness. First,
transcript levels for GADg7, somatostatin, and GABA, o
and § subunits were not altered in the dorsolateral pre-
frontal cortex of monkeys chronically exposed to typical
(haloperidol) or atypical (olanzapine) antipsychotic med-
ications that produce trough plasma levels in the thera-
peutic range for humans (11). Second, transcript levels for
GADg7, GAT-1, parvalbumin, and somatostatin were not
altered in the dorsolateral prefrontal cortex of a different
set of monkeys exposed to haloperidol at higher plasma
levels, which produced marked extrapyramidal symptoms
and required treatment with benztropine mesylate (7, 9,
13). Third, in our previous studies, transcript levels for
GADg7, GAT-1, parvalbumin, somatostatin, and GABA, ol
and & subunits were reduced in the dorsolateral prefrontal
cortex of subjects with schizophrenia who were not taking
antipsychotic medication at the time of death (11). Finally,
in the present study, each GABA-related transcript showed
comparable magnitudes of decrease across the four corti-
cal areas, all of which differ both in the density of dopa-
mine afferents that they receive (36) and in their expres-
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sion of dopamine receptors (37) and are thus likely to be
differentially influenced by antipsychotics.

The available data also indicate that the observed tran-
script changes are not driven by other confounding factors
commonly associated with the illness. For example, in the
present study (data supplement Figure 2) and in our previ-
ous microarray studies (11), we did not observe a signifi-
cant effect of alcohol abuse/dependence or the use of
benzodiazepines/mood stabilizers on decreases in GADg7,
GADgs, GAT-1, parvalbumin, somatostatin, GABA, o1, and
GABA, 6 mRNA levels in any cortical area. Thus, it is un-
likely that exposure to substances whose psychotropic ef-
fects are mediated through GABA neurotransmission pro-
duced the observed transcript changes. In addition, our
previous studies clearly demonstrated that decreases in
GADg7, GAT-1, parvalbumin, somatostatin, GABA a1, and
GABA4 d mRNA levels were not influenced by death by sui-
cide in subjects with schizophrenia (11).

The impact of impaired GABA neurotransmission, espe-
cially via parvalbumin- and somatostatin-containing
GABA neurons, on information processing in the dorsolat-
eral prefrontal cortex may reveal how the conserved re-
gional pattern of GABA-related transcript alteration ob-
served in the present study could contribute to cortical
dysfunction more broadly in schizophrenia. The network
of parvalbumin-containing neurons, formed via both
chemical and electrical synapses, plays a central role in
generating oscillatory activities at the gamma band range
(30-80 Hz) (38), whereas the network of somatostatin-con-
taining neurons appears to be important for producing os-
cillations at the theta range (4-7 Hz) (39). In the dorsolat-
eral prefrontal cortex, gamma band oscillations are
induced and sustained during the delay period in working
memory tasks (40), and their power increases in propor-
tion with memory load (41), indicating that gamma band
oscillations are associated with local neuronal processing
critical for the maintenance and manipulation of informa-
tion. On the other hand, theta band oscillations are re-
corded across widely distributed areas during working
memory tasks (42), indicating their importance in orches-
trating global interactions among distributed neuron net-
works. Together, these findings suggest that altered GABA
neurotransmission by parvalbumin- and somatostatin-
containing GABA neurons would have marked effects on
the oscillatory activity of cortical neuronal networks re-
quired for dorsolateral prefrontal cortex functions. Consis-
tent with this interpretation, recent studies have demon-
strated impaired performance and reduced frontal gamma
(43) and theta (44) activity in subjects with schizophrenia
during cognitive tasks. Interestingly, cortical oscillations,
especially at the gamma band range, have also been associ-
ated with primary motor (45) and visual (46) processing,
and abnormal visual perception accompanied by reduced
gamma band activity has been reported in occipital corti-
cal areas of individuals with schizophrenia (47). Further-
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more, abnormal gamma and theta oscillations observed in
schizophrenia subjects during auditory processing tasks
(48) might reflect altered GABA neurotransmission in audi-
tory cortices (23, 24). Therefore, altered GABA neurotrans-
mission mediated by parvalbumin- and somatostatin-con-
taining GABA neurons may contribute to the dysfunction
of multiple cortical areas in subjects with schizophrenia by
disturbing cortical oscillations.

In addition to altered transcript expression in GABA
neurons, this study revealed comparable reductions
across cortical areas in mRNA levels for GABA, receptor o.1
and 6 subunits, both of which are expressed in cortical py-
ramidal and GABA neurons (49). Because ol and § sub-
units are frequently present in synaptic and extrasynaptic
receptors, respectively (50), these findings suggest that re-
duced phasic (synaptic) as well as tonic (extrasynaptic) in-
hibition in both pyramidal and GABA neurons might be a
feature shared by multiple cortical areas. Although it re-
mains to be determined if these changes represent a pri-
mary pathology affecting postsynaptic GABA signaling or
a process secondary to the alteration of presynaptic GABA
neurons, reduced phasic and tonic inhibition appear to
influence the selection and integration of excitatory in-
puts to cortical neurons (50) and could contribute to im-
paired information processing in each cortical area.

In summary, the findings of this study suggest that dis-
turbances in the expression of a set of GABA-related mRNA
commonly found in the dorsolateral prefrontal cortex in
subjects with schizophrenia are conserved across at least
three other regions of the neocortical mantle. Thus, distur-
bances in GABA neurotransmission by specific cell types
through certain types of GABA, receptors could represent a
common pathophysiology for different domains of cortical
dysfunction in schizophrenia, raising the possibility that
pharmacological agents with the appropriate specificity
for certain GABA-related targets might be effective for a
range of clinical features of the illness.
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