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Objective: Within the prefrontal cortex of
schizophrenic subjects, alterations in
markers of y-aminobutyric acid (GABA)
neurotransmission, including decreased
immunoreactivity for the GABA mem-
brane transporter GAT-1, may be most
prominent in a subset of inhibitory neu-
rons. In the present study, the authors
sought to determine whether the alter-
ations in GAT-1 protein could be attributed
to a reduction in GAT-1 mRNA expression.

Method: Tissue sections containing pre-
frontal cortex area 9 from 10 matched
pairs of schizophrenic and comparison
subjects were processed for in situ hybrid-
ization histochemistry with 3°S-oligonu-
cleotide probes for GAT-1 mRNA.

Results: In the schizophrenic subjects,
the relative density of labeled neurons was
21%-33% lower in layers 1-5 of the pre-
frontal cortex but was unchanged in layer
6. In contrast, cellular levels of GAT-1

in a Subset of Neurons

mRNA expression, as reflected in grain
density per labeled neuron, did not differ
by more than 11% between subject groups
in any layer. These findings indicate that
GAT-1 mRNA expression is relatively unal-
tered in the majority of prefrontal cortex
GABA neurons in schizophrenic subjects
but is reduced below a detectable level in
a subset of GABA neurons. Furthermore,
the magnitude and laminar pattern of
these results were strikingly similar to
those found in a previous study of mRNA
expression for the synthesizing enzyme of
GABA, glutamic acid decarboxylaseg, in
the same subjects.

Conclusions: Both GABA synthesis and
reuptake appear to be altered at the
level of gene expression in a subset of
GABA neurons, and the resulting changes
in GABA neurotransmission may contrib-
ute to prefrontal cortex dysfunction in
schizophrenia.

(Am J Psychiatry 2001; 158:256-265)

Multiple components of cortical y-aminobutyric
acid (GABA) neurotransmission appear to be altered in
schizophrenia. Presynaptic markers of both GABA synthe-
sis and reuptake are decreased in the cerebral cortex of
schizophrenic subjects (1-3), while the density of postsyn-
aptic GABA4 receptors is increased in the prefrontal cortex
(4, 5). At least some of these findings reflect alterations at
the level of gene expression. For example, in the prefrontal
cortex of schizophrenic subjects, studies have reported re-
duced expression of the mRNA encoding the 67-kilodalton
isoform of the synthesizing enzyme for GABA, glutamate
decarboxylase (GADsg7) (6, 7), and one reported a shift in
the ratio of the mRNAs encoding the two splice variants of
the y, subunit of the GABA, receptor (8).

Furthermore, alterations in prefrontal cortex GABA neu-
rotransmission may be most prominent in a subset of in-
hibitory neurons, including the chandelier neuron sub-
population. The axons of chandelier neurons furnish
linear arrays of terminals, termed “cartridges,” which syn-
apse at the axon initial segment of pyramidal neurons (9).
These cartridges can be readily identified by their immu-
noreactivity for an isoform of the GABA membrane trans-
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porter (GAT-1) that is responsible for terminating the syn-
aptic activity of GABA by reuptake into nerve terminals
(10). It is interesting to note that the density of GAT-1-im-
munoreactive axon cartridges is reduced in the prefrontal
cortex of schizophrenic subjects (11, 12), whereas the rela-
tive density of other GAT-1-immunoreactive varicosities is
unchanged (11). However, these results do not reveal
whether the decrease in GAT-1-immunoreactive axon car-
tridges could be attributed to alterations in GAT-1 mRNA
expression.

Consequently, in this study, we examined cellular
levels of GAT-1 mRNA in the prefrontal cortex of subjects
with schizophrenia. Since we had previously observed a
decrease in GADg7 mRNA expression in a subset of GABA
neurons in prefrontal cortex layers 1-5, we predicted
1) that GAT-1 mRNA expression would be relatively un-
changed in the majority of GABA neurons but decreased
in a subset, 2) that this subset would be distributed
across layers 1-5, but not layer 6, of the prefrontal cortex;
and 3) that chronic treatment with haloperidol would not
account for the decrease in GAT-1 mRNA expression.
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Method

Subjects

All procedures used in this study were approved by the Univer-
sity of Pittsburgh’s Institutional Review Board for Biomedical Re-
search. After obtaining consent from surviving family members,
brain specimens of study subjects were procured during autop-
sies conducted at the Allegheny County Coroner’s Office. We
studied the same 10 matched pairs of schizophrenic and com-
parison subjects used in our previous study of GADg7 mRNA ex-
pression (7). Pairs were completely matched for sex, and the two
groups did not differ in terms of age, postmortem interval, brain
pH, or tissue storage time (t<1.4, df=9, p>0.21, paired t tests)
(Table 1). The mean differences within pairs for age and post-
mortem interval were 5.0 years (SD=4.0) and 4.8 hours (SD=2.8),
respectively. Medical records and the results of structured inter-
views conducted with family members of the deceased were re-
viewed for every subject, and an independent panel of experi-
enced clinicians arrived at consensus DSM-III-R diagnoses (13).
A history of depressive disorder not otherwise specified was
present in a comparison subject, and another was diagnosed
with alcohol abuse current at the time of death. In addition, an
alcohol or substance abuse disorder history was present in four
of the schizophrenic subjects (Table 1). Toxicology studies con-
ducted in all subjects revealed positive plasma alcohol levels
(0.01%-0.06%) in three comparison subjects; no other drugs of
abuse were detected in any subject. The mean age at the onset of
schizophrenia was 26.4 years (SD=10.4), and the average dura-
tion of illness was 18.8 years (SD=8.0). Two of the schizophrenic
subjects were not receiving antipsychotic medications at time of
death. The majority of subjects (seven schizophrenic and nine
comparison subjects) died suddenly outside of a hospital setting.
Neuropathological examination of each brain revealed that sub-
ject 622 had an infarction limited to the distribution of the infe-
rior branch of the right middle cerebral artery, but the region of
interest for this study appeared unaffected. Alzheimer’s disease
was excluded in each subject on the basis of clinical and neuro-
pathological criteria.

Tissue Preparation and in Situ
Hybridization Procedure

Coronal tissue sections containing the superior frontal gyrus of
the right prefrontal cortex were cut (20 pm), and every 10th sec-
tion was stained for Nissl substance and used to identify the loca-
tion of area 9 according to cytoarchitectonic criteria (14).

A cocktail of three oligonucleotide probes (Oligos Etc., Wilson-
ville, Ore.) complementary to bases 387-419, 1462-1506, and
2124-2170 of the human GAT-1 cDNA were used to detect GAT-1
mRNA (15). In addition to anatomical evidence (see Results sec-
tion), the specificity of the probes for GAT-1 mRNA was supported
by 1) a GeneBank inquiry showing that the sequences of each
probe were uniquely complementary to GAT-1 mRNA, 2) the lim-
ited amino acid sequence homology ((50%) of GAT-1 to the other
two primary GAT isoforms, GAT-2 and GAT-3 (10), and 3) the neg-
ligible expression of both GAT-2 and GAT-3 mRNA in the neocor-
tex (16). The probes were radiolabeled with 35S-dATP (NEN, Bos-
ton) by using terminal deoxynucleotidyl transferase (Bethesda
Research Laboratories, Gaithersburg, Md.). All tissue sections
from each pair of subjects were processed together. Eight sections
from each subject were processed for in situ hybridization his-
tochemistry as previously described (7), developed after 5.5
weeks of exposure to nuclear emulsion, and counterstained for
Nissl substance. Slides were coded to conceal subject number
and diagnosis from the rater (D.W.V.).
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Quantification of GAT-1 mRNA Expression

The procedure used to quantify the expression of GAT-1 mRNA
was similar to that used to quantify GADg; mRNA expression in a
previous study (7). By means of a Microcomputer Imaging Device
(MCID, Imaging Research Inc., London, Ontario), three 140 pm x
140 um sampling frames were randomly placed in each of sixlam-
inar locations (layers 1, 2, superficial layer 3, the layer 3—4 border,
and layers 5 and 6) on four tissue sections from each subject. By
using MCID software and a Leitz Diaplan microscope with a 40x
objective, the bright field image of the sampling frame was digi-
tized, and the outline of each Nissl-stained soma with at least
three overlying silver grains was traced on the computer monitor.
In a dark field image of the same sampling frame, the number of
grains over each encircled cell was then counted by the MCID sys-
tem. The mean number of neurons sampled in each layer in each
subject ranged from 55 (SD=12) in layer 6 to 112 (SD=19) at the
layer 3-4 border, and the mean coefficient of error for neuron
counts in each layer of each subject ranged from 0.07 (§D=0.02) at
the layer 3—4 border to 0.10 (SD=0.03) in layers 1 and 6.

Data Analysis

To measure the relative level of GAT-1 mRNA expression per
neuron, grain density per neuron (number of grains/100 pm? so-
mal area) was determined for each sampled cell. A threshold of
grain density per neuron was also established in order to exclude
nonspecifically labeled neurons from analysis (7). Histograms of
grain density per neuron for all sampled neurons from the com-
parison and schizophrenic groups revealed distributions that ap-
peared bimodal in each layer, representing the modes of nonspe-
cifically and specifically labeled neuron populations (17). Similar
histograms that included only neurons with a grain density
greater than 2x background (background grain density as mea-
sured in the subjacent white matter of the same tissue section)
showed distributions that appeared normal and unimodal in
both the comparison and schizophrenic groups. Therefore, a
threshold of 2x background provided a cutoff at the point of rarity
in the distribution of all cells that permitted the identification of
specifically labeled neurons, referred to as GAT-1 mRNA-positive
(+) neurons.

Some glial cells may express GAT-1 mRNA (18). Consequently,
glial cells clearly identified by the presence of a dark Nissl-
stained nucleus, the absence of cytoplasm, and a small, round
shape, were not sampled. To ensure that all glial cells were ex-
cluded from the final data analysis, we compared the size of neu-
rons labeled for GADg; mRNA, which is expressed selectively in
GABA neurons, with the size of GADg7; mRNA-negative cells that
had the morphological features of glial cells, on tissue sections
from the same subjects (7). The distributions of cross-sectional
somal areas for these two cell classes intersected at 50 pm?, cre-
ating a cutoff point where >80% of glial cells but <20% of GABA
neurons where excluded. Therefore, only GAT-1 mRNA+ cells
with a somal size greater than 50 pm? were included in the final
data analyses.

Haloperidol-Treated Monkeys

To mimic the pharmacological treatment of schizophrenia,
four male cynomolgus (Macaca fascicularis) monkeys, matched
individually to a control monkey for sex, age, and weight, were
treated with haloperidol decanoate (mean trough serum levels:
4.3ng/ml, SD=1.1) and benztropine mesylate for 9 to 12 months
(12). Tissue processing procedures and data analysis were simi-
lar to those described above. However, in contrast to the human
subjects, a threshold of 7x background was required to obtain a
unimodal distribution of labeled neurons in the control mon-
keys. This threshold reflected a shift in background grain depo-
sition that was likely due to differences in the tissue samples
(i.e., different species, shorter postmortem interval, etc.). The
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GAT-1 mRNA REDUCTION IN SCHIZOPHRENIA

TABLE 1. Characteristics of 10 Matched Pairs of Comparison Subjects and Subjects With Schizophrenia or Schizoaffective
Disorder

Postmortem Storage Time
Age Interval  Brain  at-80°C
Matched Pair Sex Race (years) (hours) pH (months) Cause of Death DSM-II1-R Diagnosis
Pair 1
Comparison Male Black 41 221 6.72 18 Atherosclerotic coronary
subject 592 vascular disease
Schizophrenic  Male White 40 29.1 6.82 28 Accidental Chronic undifferentiated
subject 533 asphyxiation schizophrenia
Pair 2
Comparison Female White 46 15.0 6.72 23 Mitral valve prolapse
subject 567
Schizophrenic Female White 37 14.5 6.68 28 Suicide by hanging Schizoaffective disorder
subject 537
Pair 3
Comparison Male Black 20 14.0 6.86 30 Homicide by gun shot
subject 516
Schizophrenic  Male Black 27 16.5 6.94 27 Heat stroke Schizoaffective disorder
subject 547
Pair 4
Comparison Male White 65 21.2 6.94 13 Atherosclerotic coronary
subject 630 vascular disease
Schizophrenic  Male White 63 18.3 6.80 23 Atherosclerotic coronary Chronic undifferentiated
subject 566 vascular disease schizophrenia; alcohol abuse,
in remission at time of death
Pair 5
Comparison Male White 39 19.3 7.08 16 Hypoplastic coronary
subject 604 artery
Schizophrenic  Male White 46 28.1 6.99 21 Accidental combined Chronic paranoid schizophrenia;
subject 581 drug overdose current alcohol dependence and
other substance abuse at time of
death
Pair 6
Comparison Female White 37 23.5 6.74 26 Atherosclerotic coronary
subject 546 vascular disease
Schizophrenic Female Black 38 17.8 7.02 19 Myocardial hypertrophy Chronic undifferentiated
subject 587 schizophrenia; alcohol abuse
in remission at time of death
Pair 7
Comparison Male White 47 6.6 6.99 24 Atherosclerotic coronary Current alcohol abuse at time of
subject 558 vascular disease death
Schizophrenic  Male White 48 8.3 6.07 75 Pneumonia Chronic undifferentiated
subject 317 schizophrenia
Pair 8
Comparison Female White 54 17.8 6.47 12 Atherosclerotic coronary Depressive disorder not otherwise
subject 635 vascular disease specified
Schizophrenic Female White 46 10.1 7.02 18 Pneumonia Schizoaffective disorder
subject 597
Pair 9
Comparison Male White 61 16.4 6.63 25 Cardiac tamponade
subject 551
Schizophrenic  Male Black 49 235 7.05 13 Atherosclerotic coronary Chronic disorganized schizophrenia;
subject 625 vascular disease current alcohol abuse at time of
death
Pair 10
Comparison Male White 56 14.5 6.57 17 Hypoplastic coronary
subject 685 artery
Schizophrenic  Male White 58 18.9 6.78 24 Right middle cerebral Chronic undifferentiated
subject 622 artery infarction schizophrenia
Comparison
subjects
total
Mean 46.6 17.0 6.77 20.4
SD 13.2 4.9 0.19 6.0
Schizophrenic
subjects
total
Mean 45.2 18.5 6.82 27.6
SD 10.4 6.9 0.29 17.3
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Antipsychotic Medication Exposure

At Time of Death History

Chlorpromazine Mesoridazine, thioridazine

None Perphenazine

Thioridazine Clozapine, fluphenazine,

haloperidol

Risperidone Clozapine, haloperidol

Haloperidol Thioridazine, trifluoperazine

Clozapine, haloperidol Chlorpromazine, fluphenazine,
perphenazine, risperidone,

thioridazine, thiothixene

Loxapine Chlorpromazine, clozapine,

haloperidol

Mesoridazine Thioridazine, thiothixene

Fluphenazine Haloperidol
None Haloperidol, risperidone,
thiothixene
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mean coefficient of error for neuron counts in each layer of each
monkey ranged from 0.07 (§D=0.01) in layer 2 to 0.09 (SD=0.02)
in layer 5.

Statistical Analysis

Based on our previous finding of decreased GADg; mRNA+
neuron density in layers 1 through 5 in subjects with schizo-
phrenia (7), we hypothesized that GAT-1 mRNA+ neuron density
would also be decreased in layers 1 through 5 in the same cohort
of subjects. To test this hypothesis, we first determined whether
diagnostic group had an overall effect on GAT-1 mRNA+ neuron
density across layers 1 through 5. For each section, the value of
the dependent variable (neuron density) was averaged across
the three sampling frames for each cortical layer, with the value
of each sampling frame weighted by the number of observations
within that frame. Thus, in each layer, four section averages
were obtained for the dependent variable. These four averages
were treated as repeated measures with a compound symmetric
covariance structure (19), since the values were possibly corre-
lated and were also exchangeable within a given subject. Pair ef-
fect was included in order to reflect the matching of schizo-
phrenic and comparison subjects for sex, age, and postmortem
interval. Postmortem brain pH was included as a covariate be-
cause it may reflect the integrity of some mRNA species (20).
Thus, the effect of diagnostic group on GAT-1 mRNA+ neuron
density collectively for layers 1 through 5 was examined by using
a multivariate analysis of covariance (MANCOVA) model with
the four section averages having a compound symmetric co-
variance matrix, with pair as a blocking effect and with brain pH
and cortical layer as covariates. To determine whether GAT-1
mRNA+ neuron density was decreased in each individual corti-
cal layer, a one-sided t test, based upon least squares means ad-
justed for brain pH and pair with a significance threshold set at
p<0.05, was employed.

Our previous study of GADg; mRNA expression in schizophre-
nia (7) did not find a difference in grain density or somal size of
GADg7 mRNA+ neurons. Therefore, we hypothesized that in the
same cohort of subjects with schizophrenia, these dependent
variables would not be altered in GAT-1 mRNA+ neurons in any
cortical layer. Thus, for each cortical layer, an intraclass MAN-
COVA model with pair as a blocking effect and with brain pH as a
covariate was used to examine differences between groups.

To directly compare the results of our previous study of GADg7
mRNA expression to the results of the present study of GAT-1
mRNA expression in the same cohort of subjects (7), we also ap-
plied a somal size cutoff of 50 pm? to the previous GADg7; mRNA
data. A Pearson correlation was then used to compare the differ-
ences within each pair of schizophrenic and comparison subjects
in the densities of GADg7 mRNA+ and GAT-1 mRNA+ neurons
across all layers.

For the haloperidol-treated monkeys, paired t tests were used
to determine the effect of treatment group on each of the three
dependent variables in each cortical layer.

Results

The specificity of the oligonucleotide probes for GAT-1
mRNA was demonstrated by the similarities of the GAT-1
mRNA+ neurons to the known morphological characteris-
tics and laminar distribution of GABA neurons. First, a
specific hybridization signal—the clustering of silver
grains over Nissl-stained cell bodies—was clearly present
for small- and medium-sized neurons but was noticeably
absent for pyramidal neurons (Figure 1). Second, as shown
in Figure 2, the relative laminar densities of GAT-1 mRNA+
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GAT-1 mRNA REDUCTION IN SCHIZOPHRENIA

FIGURE 1. GAT-1 mRNA Expression in Prefrontal Cortex
Area 9 of a Comparison Subject?

aThis bright field photomicrograph from comparison subject 604
was processed by in situ hybridization then counterstained with
cresyl violet. Note the accumulation of grains over small and me-
dium-sized neurons (red open arrows) but not over the larger pyra-
midal neurons (blue solid arrows).

neurons, greatest in layers 2 and 4 and lowest in layer 6,
matched previous reports of the laminar distribution of
GADg7; mRNA+ neurons in human prefrontal cortex (6, 7).

As illustrated in Figure 3, the density of grain clusters,
which represent GAT-1 mRNA+ neurons, appears to be
less in schizophrenic subjects. Indeed, the mean density
of GAT-1 mRNA+ neurons in layers 1-5 was decreased by
21%-33% in the subjects with schizophrenia, but was un-
changed in layer 6 (Figure 4, top). The overall MANCOVA
for layers 1-5 demonstrated a significant effect of diagno-
sis (F=5.32, df=1, 8, p=0.05), and analyses within layers re-
vealed that GAT-1 mRNA+ neuron density in the schizo-
phrenic subjects was significantly lower in layer 1 (t=4.03,
df=8, p=0.002), layer 2 (t=2.28, df=8, p<0.03), superficial
layer 3 (t=2.07, df=8, p<0.04), and at the layer 3-4 border
(t=3.29, df=8, p=0.006); the difference in layer 5 did not
achieve significance (t=1.64, df=8, p=0.07). Furthermore,
in each of layers 1 through 4, between six and nine of the
10 subjects with schizophrenia showed a lower GAT-1
mRNA+ neuron density relative to their matched compar-
ison subject (Figure 5, top half). In addition, the differ-
ences between subject groups in layers 1-4 could not be
attributed to the effects of postmortem brain pH (F<3.02,
df=1, 8, p>0.12).

In contrast, grain density of GAT-1 mRNA+ neurons
(bottom halves of Figures 4 and 5), a relative measure of
the cellular level of GAT-1 mRNA expression, did not differ
between subjects with schizophrenia and the comparison
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FIGURE 2. Laminar Distribution of GAT-1 mRNA+ Neurons
in Prefrontal Cortex Area 9 of a Comparison Subject?

aThis dark field photomicrograph from comparison subject 685
shows the higher density of grain clusters in layers 2 and 4, the in-
termediate density in layers 3 and 5, and the low density of grain
clusters in layers 1 and 6. This pattern matches the known distribu-
tion of GABA neurons.

group in layer 2, superficial layer 3, layer 5, or layer 6
(F<1.57, df=1, 8, p>0.24). Mean grain density per neuron
was 11% lower in the subjects with schizophrenia at the
layer 3-4 border (F=11.73, df=1, 8, p=0.009) and was 8%
lower in layer 1 (F=4.54, df=1, 8, p<0.07).

The mean cross-sectional somal area (in um?) of GAT-1
mRNA+ neurons did not significantly differ (df=1, 8 for all
analyses) between the schizophrenic and comparison
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FIGURE 3. GAT-1 mRNA+ Neuron Density at the Layer 3-4
Border of Prefrontal Cortex Area 9 in a Matched Compari-
son-Schizophrenic Subject Pair?

Comparison subject

2 In these dark field photomicrographs from comparison subject 685
and schizophrenic subject 622 (pair 10), note that the density of
grain clusters, which represent GAT-1 mRNA+ neurons, is less in the
subject with schizophrenia than in the comparison subject but that
the sizes of the grain clusters are similar in the two subjects.

groups in any layer (layer 1: mean=65.4 [SD=4.4] and 65.4
[SD=6.4], respectively, F=0.26, p>0.62; layer 2: mean=67.0
[SD=2.3] and 69.4 [SD=6.7], F=0.97, p>0.35; superficial
layer 3: mean=76.7 [SD=7.8] and 84.1 [SD=7.4], F=4.69,
p>0.06; layer 3-4 border: mean=75.7 [SD=8.5] and 74.9
[SD=6.7], F=0.00, p>0.94; layer 5: mean=380.5 [SD=8.7] and
83.5 [SD=6.7], F=0.91, p>0.36; layer 6: mean=75.8 [SD=
12.5] and 78.7 [SD=15.8], F=0.98, p>0.35). As previously re-
ported, cortical thickness also did not differ between the
subject groups (7).

As shown in Figure 6, the lower density of GAT-1
mRNA+ neurons in the subjects with schizophrenia par-
alleled lower GADg7 mRNA+ neuron density in layers 1-5,
whereas neither was decreased in layer 6. Furthermore,
across layers 1-5, the differences in GAT-1 mRNA+ neu-
ron density and GADg; mRNA+ neuron density within
subject pairs were significantly correlated (r=0.47, df=8,
p=0.001).

In both the haloperidol-treated and control monkeys,
the morphological characteristics and laminar distribu-
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FIGURE 4. Cell Density and Grain Density of GAT-1 mRNA+
Neurons in Comparison and Schizophrenic Subjects for
Each Layer of Prefrontal Cortex Area 92
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2 Horizontal bars represent the means of each subject group. Analy-
ses within layers revealed that GAT-1 mRNA+ neuron density was
significantly lower in the schizophrenic subjects at layers 1 and 2
and at superficial layer 3 and the layer 3—4 border, with a nonsignif-
icantly lower density at layer 5. In contrast, grain density of GAT-1
mRNA+ neurons did not differ between the two groups at layer 2,
superficial layer 3, layer 5, or layer 6 but was significantly lower in
the schizophrenic subjects at the layer 3—4 border and nonsignifi-
cantly lower at layer 1.

b Superficial layer 3.

tion of GAT-1 mRNA+ neurons were similar to the obser-
vations in humans and to previous studies of other mark-
ers of GABA neurons in monkeys (7, 21). Specifically,
clusters of silver grains were found exclusively over
small- and medium-sized neurons, and the density of
GAT-1 mRNA+ neurons was greatest in layers 2 and 4.
However, neither density (t<2.14, df=3, p>0.12), grain
density (t<1.27, df=3, p>0.29), nor somal size (t<1.60, df=
3, p>0.20) of the GAT-1 mRNA+ neurons differed signifi-
cantly between haloperidol-treated and control monkeys
in any layer.
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FIGURE 5. Differences in Cell Density and Grain Density of GAT-1 mRNA+ Neurons Within Matched Comparison-Schizo-
phrenic Subject Pairs for Each Layer of Prefrontal Cortex Area 92
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2 Negative values indicate a lower density for the schizophrenic subject.

Discussion

In the prefrontal cortex of subjects with schizophrenia,
the mean density of neurons expressing a detectable level
of GAT-1 mRNA was 21%-33% lower in layers 1-5 but was
unchanged in layer 6 relative to matched comparison sub-
jects. In contrast, the mean grain density per GAT-1
mRNA+ neuron, a relative measure of the cellular level of
GAT-1 mRNA expression, did not differ between schizo-
phrenic and comparison subjects by more than 11% in any
cortical layer. These results indicate that GAT-1 mRNA ex-
pression is relatively unaltered or only slightly reduced in
the majority of prefrontal cortex GABA neurons in schizo-
phrenia but is reduced below a detectable level in a subset
of GABA neurons (Figure 7, left panel).

These findings do not appear to be attributable to treat-
ment with antipsychotic medications. For example, al-
though seven of the schizophrenic subjects in this study
had received haloperidol at some point (Table 1), long-
term exposure of monkeys to therapeutic serum levels of
haloperidol did not produce detectable changes in GAT-1
mRNA expression. Consistent with this finding, previous
studies did not show a decrease in GAT-1 protein in associ-
ation with antipsychotic medications (11, 12).
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Of the four subjects with schizophrenia who met criteria
for substance abuse disorder, two subjects (587 and 625)
actually showed an increase in GAT-1 mRNA+ neuron den-
sity in layer 2, superficial layer 3, and layer 5 (Figure 5, top
half), which suggests that substance abuse does not con-
sistently decrease GAT-1 mRNA expression. mRNA insta-
bility in postmortem tissue also did not appear to be a
confound because 1) the cellular levels of GAT-1 mRNA,
GADg7; mRNA (7), and synaptophysin mRNA (22) were rel-
atively unaltered in the majority of neurons in the present
cohort of subjects, and 2) brain pH was in the range asso-
ciated with mRNA stability (20) and did not differ between
the two subject groups. Finally, the procedures used to as-
sess relative neuron density employed, by necessity, a pro-
file counting method. However, this approach was not
confounded by differences in somal size between the di-
agnostic groups, and use of an Abercrombie correction
would not have changed the relative differences in neuron
density across subject groups (7).

The decrease in density of GAT-1 mRNA+ neurons does
not appear to be due to a decrease in the number of pre-
frontal cortex neurons in the subjects with schizophrenia
because most, although not all (23), previous studies have
reported no change (6), an increase in neuron density (24),
or no change in total neuron number (25), in the prefron-
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tal cortex of subjects with schizophrenia. Consistent with
these observations, in the same cortical region of the same
subjects with schizophrenia used in the present study, we
found no differences in the density of neurons expressing
synaptophysin mRNA (22), which is found in virtually ev-
ery cortical neuron. However, GABA neurons represent
only approximately 25% of the total number of neurons in
the prefrontal cortex, and studies of total prefrontal cortex
cell number or density may not be sensitive enough to de-
tect a reduction in number of a subset of GABA neurons.

For both the human and monkey studies, a unique
threshold of grain density per neuron relative to the back-
ground grain density in the white matter was created to
exclude nonspecifically labeled neurons from the analysis.
The appropriateness of each threshold was confirmed
1) by the laminar distribution of GAT-1 mRNA+ neurons,
which paralleled the known distribution of GABA neurons,
and 2) by the similarities between the densities of GAT-1
mRNA+ neurons and GADg7; mRNA+ neurons in each
layer. Furthermore, applying a more stringent threshold
(i.e., 5% background grain density) to the human GAT-1
mRNA study resulted in a similar laminar specificity of dif-
ferences between subject groups and did not increase the
magnitude of the differences, which suggests that the en-
tire affected subset of GABA neurons expressed levels of
GAT-1 mRNA beneath the 2x background threshold of de-
tectability. In addition, eliminating the somal size cutoff of
50 pm? resulted in the same magnitude of differences in
both neuron density and grain density of GAT-1 mRNA+
neurons between subject groups.

Altered gene expression of presynaptic components of
GABA neurotransmission appears to be common in
schizophrenia. In the prefrontal cortex, studies that have
used different cohorts of subjects have found decreased
expression of GADg7 mRNA (6, 7, 26) and GAT-1 mRNA
(27), although in the latter study, the specificity of the
probes for GAT-1 mRNA was not clearly demonstrated,
since primarily pyramidal neurons were labeled. Further-
more, in the same cohort of subjects, both GADg7 mRNA+
and GAT-1 mRNA+ neurons showed similar reductions in
density that were restricted to layers 1-5 (Figure 6). These
similarities suggest that these two markers may be af-
fected to the same extent in individual subjects with
schizophrenia, and thus, may be altered within the same
subset of GABA neurons.

One specific subpopulation of cortical GABA neurons,
the chandelier subclass, has been previously implicated in
the pathophysiology of schizophrenia. GAT-1 protein has
been reported to be selectively altered in the axon car-
tridges of chandelier neurons (11, 12). However, it was un-
clear whether the decrease in GAT-1 immunoreactive axon
cartridges resulted from alterations in gene transcription.
It is interesting to note that our results suggest that de-
creased GAT-1 mRNA expression in chandelier neurons
may account for the decreased density of GAT-1-immu-
noreactive axon cartridges in schizophrenia (Figure 7,
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FIGURE 6. Density of GAT-1 and GADg7 mMRNA+ Neurons in
Each Layer of Prefrontal Cortex Area 9 in Schizophrenic
and Comparison Subjects

I Comparison subjects, GAT-1
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a Superficial layer 3.

right side). First, the density of GAT-1 mRNA+ neurons was
decreased in the same layers in which chandelier neurons
are found, prefrontal cortex layers 2-5, which suggests
that chandelier neurons may be included in the subset of
GABA neurons expressing an undetectable level of GAT-1
mRNA. Furthermore, Pearson correlation analyses con-
ducted on the nine subjects with schizophrenia included
in both this GAT-1 mRNA study and the previous study of
GAT-1-immunoreactive axon cartridges (12) revealed pos-
itive associations between the densities of GAT-1 mRNA+
neurons and GAT-1-labeled cartridges in the superficial
(r=0.61, df=7, p=0.08), middle (r=0.44, df=7, p=0.23), and
deep (r=0.64, df=7, p=0.07) cortical layers, even though the
GAT-1-labeled cartridges and GAT-1 mRNA+ neurons were
quantified in the left and right prefrontal cortex, respec-
tively. Although these comparisons have the aforemen-
tioned limitations, they are consistent with the idea that
lower density of GAT-1-immunoreactive axon cartridges
reflects decreased GAT-1 protein secondary to decreased
GAT-1 mRNA expression in chandelier neurons. However,
the magnitude of the decrease in GAT-1 mRNA+ neuron
density suggests that other subpopulations of GABA
neurons, in addition to chandelier neurons, may also be
affected.

Alterations in gene expression restricted to a subset of
GABA neurons in prefrontal cortex layers 1-5 might reflect
the developmental origin of this subset of neurons. For ex-
ample, although the majority of neurons in the primate
neocortex migrate radially from the subventricular zone
during the second trimester of gestation (28), many GABA
neurons appear to find their final location in the cortex
following a tangential migration from the ganglionic emi-
nences (29). Although it is not known what proportion of
GABA neurons originate from each of these two sources,
and to which cortical layers these neurons migrate, it is
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FIGURE 7. Affected GABA Neurons in Schizophrenia?

Neuron with undetectable GAT-1 mRNA X Neuron with normal GAT-1 mRNA level

Pyramidal
Neuron
GAT-1 Immunoreactivity.

Axon Initial
Segment

GAT-1 mRNA

Chandelier Neuron
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Cortical Projection

4 The left side of the diagram shows that approximately 25% of GABA neurons in layers 1-5 of prefrontal cortex area 9 in schizophrenic subjects
express undetectable levels of GAT-1 mRNA. The right side of the diagram illustrates the unique relationship between chandelier neurons,
which appear to be included in the subset of affected GABA neurons, and pyramidal neurons, the axons of which provide excitatory input to
other cortical regions. Immunoreactivity for GAT-1 protein is lower than normal in the axon cartridges (vertical arrays of axon terminals) of
chandelier neurons, which form inhibitory synapses exclusively at the axon initial segment of pyramidal neurons.

possible that the site of embryonic origin may be associ-
ated with a greater susceptibility to altered gene expres-
sion in schizophrenia. Alternatively, the subset of GABA
neurons affected in schizophrenia could include those
that are a product of postnatal neurogenesis. It is interest-
ing to note that in monkeys, cortical neurons that origi-
nate during adulthood appear to migrate selectively to
layers 1-5, but not to layer 6, of association regions (30).
Although speculative, these comparisons may provide
novel clues as to links between either pre- or postnatal de-
velopmental events and the specific types of cortical cir-
cuitry abnormalities observed in schizophrenia.
Alternatively, an abnormality in afferents from another
brain region may be the pathophysiological mechanism
behind alterations in GABA markers in the prefrontal cor-
tex in schizophrenia. For example, the number of neurons
in the mediodorsal nucleus of the thalamus, which
projects to the prefrontal cortex (31), has been reported to
be lower in schizophrenia (32, 33). Furthermore, a de-
crease in thalamic relay input to the cortex can produce a
decreased expression of the gene products regulating
GABA neurotransmission in layer 4 and adjacent layers, at
least in the visual cortex of monkeys (34, 35). However, ad-
ditional studies are needed to determine whether a loss of
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input from the mediodorsal nucleus accounts for the de-
creased expression of GADg; and GAT-1 mRNA in a subset
of prefrontal cortex neurons in schizophrenia.
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