














Figure 1. Nissl-stained coronal tissue section from prefrontal cortex area 9
showing the approximate placement of sampling frames (140 um X 140
um) in each cortical layer as well as in the subjacent white matter (WM)
(scale bar, 200 ym).

controls. In addition, the 4 subjects who had received
atypical antipsychotic agents (Table) showed a similar
decrease in GADg; mRNA+ neuron density compared
with those who had been treated only with typical anti-
psychotics.

Although stereological approaches to determine ab-
solute cell number are advantageous in many situa-
tions, they remain problematic in studies of individual

Figure 2. Prefrontal cortex area 9 from a control subject (case 567)
processed by in situ hybridization for glutamic acid decarboxylases;
messenger RNA and then counterstained with cresyl violet. Note the
accumulation of silver grains over small- and medium-sized neurons
(open arrows) but not over the larger pyramidal neurons (large arrows)
or the smaller glial cells (small arrows) (scale bar, 50 ym).

cortical regions lacking clearly delineated boundaries and
in studies using in situ hybridization.** Thus, a 2-dimen-
sional sampling technique was used to make relative com-
parisons of differences in neuron density and, impor-
tantly, was not confounded by cross-subject differences
in somal size. In addition, the modest reduction of cor-
tical gray matter in subjects with schizophrenia ob-
served in many other studies®* would be expected to
elevate neuronal density. Consistent with these reports,
we found a 10% (but nonsignificant) decrease in corti-
cal gray matter in subjects with schizophrenia. Thus, the
observed 25% to 35% decrease in the relative density of
GADy; mRNA+ neurons may actually be an underesti-
mate of the differences between subjects with schizo-
phrenia and control subjects.

A threshold of grain density per neuron (>5X the
background) was identified to exclude nonspecifically la-
beled cells from analysis. The use of a lower threshold
(>3X the background) revealed similar differences in
neuron density and grain density per GADs; mRNA+ neu-
ron. Thus, the level of GADs; mRNA expression in a sub-
set of GABA neurons appears to be so low that these neu-
rons are still not detectable even when a less stringent
threshold for specific labeling is used.

Premortem agonal state events may affect postmor-
tem levels of some mRNA species.”” Brain pH, report-
edly an inverse correlate of agonal state,” did not differ
between the subject groups in our study. Additionally,
GADy; mRNA was not generally degraded in the sub-
jects with schizophrenia because most GADy; mRNA+
neurons in subjects in the schizophrenic group had
normal levels of GADs; mRNA expression. Further-
more, a similar analysis of the cellular levels of synap-
tophysin mRNA revealed no differences between the same
subjects with schizophrenia and control subjects exam-
ined in the present study.*
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Figure 3. Prefrontal cortex area 9 of a control subject (case 558) showing
the laminar distribution of grain clusters, representing glutamic acid
decarboxylases; messenger RNA+ neurons. Note that the density of labeled
neurons appears greatest in layers 2 and 4, intermediate in layers 3 and 5,
and lowest in layers 1 and 6. WM indicates white matter (scale bar, 300 ym).

Four subjects with schizophrenia in our study
met criteria for a substance abuse disorder (Table), but
the available data suggest that these comorbid condi-
tions did not contribute to the decreased density of
GAD4; mRNA+ neurons. First, the only 2 subjects with
schizophrenia who, compared with their matched con-
trol subject, showed a similar or increased density of
GADy; mRNA+ neurons in several layers both met cri-
teria for alcohol abuse (Table, pairs 6 and 9). Second,
the only control subject (case 558) with alcohol abuse
had a higher GADs; mRNA+ neuron density than the

Figure 4. Layer 3 of prefrontal cortex area 9 showing glutamic acid
decarboxylases; messenger RNA expression in a matched pair of a control
(top) and a subject with schizophrenia (bottom) (Table, pair 1). Note the
apparent decrease in number of grain clusters in the subject with
schizophrenia (scale bar, 150 ym).

X = pAa s SEAL

matched subject with schizophrenia. Finally, the 3
control subjects with positive plasma alcohol levels
(46-276 mmol/L) still had a higher density of GADy;
mRNA+ neurons than their matched subjects with
schizophrenia.

Our study provides further insight into the poten-
tial pathophysiological mechanisms underlying altered
PFC GABA neurotransmission in subjects with schizo-
phrenia. The alteration in GADs; mRNA expression
may reflect an intrinsic defect in a subset of PFC
GABA neurons. For example, in PFC area 9 in subjects
with schizophrenia, the decreased density of chande-
lier neuron axon terminals immunoreactive for the
GABA membrane transporter?!** suggests that the
uptake of GABA is impaired at these axon terminals.
As a consequence, inhibitory GABA activity may be
increased at postsynaptic sites.*® Mice lacking the
dopamine transporter exhibit evidence of excessive
dopamine activity and show a 90% decrease in the
level of tyrosine hydroxylase, the rate-limiting enzyme
for dopamine synthesis.**”° If the same relationships
hold true for the GABA system, then GADs;; mRNA
expression may be down-regulated in chandelier neu-
rons as a compensatory response to excessive GABA
activity.

Alternatively, an abnormality in afferents to the PFC
may result in a reduced level of GADs; mRNA expres-
sion in the PFC. For example, several studies of schizo-
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Figure 5. Bar graphs showing (top) the mean (SD) density of glutamic acid
decarboxylases; (GADs;) messenger RNA+ (mRNA+) neurons and (bottom)
the mean grain density per GADs; mRNA+ neuron in each prefrontal cortex
area 9 layer of the schizophrenic and control groups. 3s indicates superficial
layer 3.
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Figure 6. Comparison of glutamic acid decarboxylases; (GADs;) messenger
RNA+ (mRNA+) neuron density within each matched pair of subjects with
schizophrenia and control subjects for superficial layer 3, layer 3-4 border,
and layer 5. Eight of 10 pairs in superficial layer 3 and layer 5 and 9 of 10
pairs in layer 3-4 border show a decrease in GADs;; mRNA+ neuron density in
the subject with schizophrenia. Closed circles indicate pairs in which the
value for the control subject is greater than the value for the matched subject
with schizophrenia, open triangles, pairs in which the value for the control
subject is less than the value for the matched subject with schizophrenia.

phrenia have found decreased neuron number in and/or
volume of the mediodorsal nucleus of the thalamus,>-*
a major source of excitatory input to the PFC. In addi-
tion, reports of fewer dendritic spines®~® and axon ter-

Figure 7. Bar graphs showing (top) the mean (SD) density of glutamic acid
decarboxylases; (GADs;) messenger RNA+ (mRNA+) neurons and (bottom)
the mean grain density per GADs; mRNA+ neuron in each layer of the
prefrontal cortex in haloperidol-treated monkeys and control monkeys.

No significant differences were observed for either measure in any layer.

3s indicates superficial layer 3.

minals” in PFC layers 3 and 4, the principal termina-
tion zone of projections from the thalamus, are consistent
with a decrease in these afferents in subjects with schizo-
phrenia. Monocular deprivation studies in monkeys in-
dicate that a loss of thalamic input produces decreased
GADy; mRNA expression in layer 4 and adjacent layers
of visual cortex.”® Thus, the decreased expression of
GADg; mRNA observed in our study may reflect a down-
regulation of inhibition in the PFC to compensate for a
decrease in excitatory drive from the mediodorsal nucleus
of the thalamus. Further studies are needed to discrimi-
nate between these or other possible mechanisms un-
derlying decreased GADs; mRNA expression in a subset
of GABA neurons in subjects with schizophrenia.
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