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ABSTRACT In the primate cerebral cortex, morphologi-
cally and functionally diverse classes of local circuit neurons
containing the inhibitory neurotransmitter g-aminobutyric
acid (GABA) differentially regulate the activity of pyramidal
cells, the principal type of excitatory output neurons. In
schizophrenia, GABA neurotransmission in the prefrontal
cortex (PFC) appears to be disturbed but whether specific
populations of GABA neurons are affected is not known. The
chandelier class of GABA neurons are of particular interest
because their axon terminals, which form distinctive arrays
termed ‘‘cartridges,’’ provide inhibitory input exclusively to
the axon initial segment of pyramidal cells. Thus, chandelier
cells are positioned to powerfully regulate the excitatory
output of pyramidal neurons and, consequently, to substan-
tially affect the patterns of neuronal activity within the PFC.
In this study, an antibody directed against the GABA mem-
brane transporter GAT-1 was used to label GABA axon
terminals in postmortem human brains. The relative density
of GAT-1-immunoreactive axon cartridges furnished by chan-
delier neurons was decreased by 40% in the PFC of schizo-
phrenic subjects compared with matched groups of normal
control and nonschizophrenic psychiatric subjects. In con-
trast, markers of the axon terminals of other populations of
GABA neurons were not altered in the schizophrenic subjects.
Furthermore, the density of GAT-1-immunoreactive axon
cartridges was not altered in psychiatric subjects who had
been treated with antipsychotic medications. The changes in
GAT-1-immunoreactive axon cartridges of chandelier neurons
in schizophrenia are likely to ref lect altered information
processing within the PFC and in its output connections to
other brain regions and could contribute to the cognitive
impairments seen in this disorder.

Disturbances in certain cognitive processes are among the
most disabling and persistent symptoms of schizophrenia (1),
and these symptoms appear to be related to dysfunction of the
dorsolateral portions of the prefrontal cortex (PFC) (2, 3).
Although this dysfunction probably involves abnormalities in
multiple components of PFC circuitry, a number of postmor-
tem studies have reported alterations in cortical g-aminobu-
tyric acid (GABA) neural systems in subjects with schizophre-
nia. For example, both the uptake (4, 5) and release (6) of
GABA have been reported to be reduced in cortical synap-
tosomes prepared from schizophrenic subjects. In the PFC, the
activity of glutamic acid decarboxylase, the synthetic enzyme
for GABA, is reduced in subjects with schizophrenia (6, 7), as
is the expression of the mRNA for this enzyme (8). Finally,
ligand binding studies have reported abnormalities in PFC
GABAA receptors in schizophrenia (9). Although such
changes in GABA neurotransmission are likely to be associ-
ated with substantial shifts in PFC function, determining the

pathophysiological causes and consequences of altered GABA
neurotransmission requires an understanding of which sub-
populations of GABA neurons are affected.

In the primate PFC, GABA-containing local circuit neurons
can be divided into at least a dozen morphologically and
biochemically distinct subclasses (10), with each subclass rel-
atively specialized in terms of its synaptic targets. The chan-
delier subpopulation of GABA neurons are of particular
interest because their axon terminals, which form distinctive
arrays termed ‘‘cartridges,’’ provide inhibitory input exclu-
sively to the axon initial segment of pyramidal cells (11), the
principal type of cortical excitatory projection neuron (12).
Due to the location of the synapses formed by their axon
terminals, chandelier cells are positioned to powerfully regu-
late the excitatory output of pyramidal neurons and, conse-
quently, to substantially affect patterns of neuronal activity
both within the PFC and in the numerous cortical and sub-
cortical regions that receive projections from the PFC. Con-
sequently, alterations in chandelier neurons in schizophrenia
could account, at least in part, for the functional abnormalities
observed in the PFC and interconnected brain regions in
schizophrenia.

Antibodies directed against the GABA membrane trans-
porter GAT-1 appear to label all GABAergic axon terminals
in the cortex (13), including the distinctive axon cartridges of
chandelier neurons. Thus, to test the hypothesis that alter-
ations in chandelier neuron axon cartridges contribute to PFC
dysfunction in schizophrenia, we examined the density, lami-
nar distribution, and size of cartridge-like profiles with detect-
able levels of GAT-1 immunoreactivity in schizophrenic sub-
jects and two matched comparison groups.

METHODS AND MATERIALS

Subjects. Brain specimens from 55 subjects were obtained
from the Allegheny County Coroner’s Office, with the consent
of the next of kin and the approval of the Health Sciences
Institutional Review Board of the University of Pittsburgh.
Consensus DSM-III-R diagnoses were made by a group of four
experienced clinicians with information obtained from medi-
cal records and structured interviews with family members
(14). We studied 15 schizophrenic subjects, each of whom was
matched to one normal control subject and one nonschizo-
phrenic psychiatric subject on the basis of age, sex, and
postmortem interval (Table 1). In addition, subject groups did
not significantly differ in mean age of onset or duration of
illness, tissue storage time, or incidence of out-of-hospital
deaths, although the number of deaths by suicide was signif-
icantly higher in the psychiatric subjects than in the schizo-
phrenic subjects (Table 1). Three of the psychiatric subjects
were receiving treatment with antipsychotic medications at the
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time of death. No neuropathological abnormalities were de-
tected in the PFC with the following exceptions. Thioflavin S
staining revealed a few neuritic plaques in one schizophrenic
(triad 7; see Fig. 2), two normal control (triads 4 and 5), and
two psychiatric (triads 7 and 9) subjects. In addition, a rare
neurofibrillary tangle was observed in one psychiatric subject
(triad 7), but none of these cases had a clinical history of
dementia.

To assess the possible influence of antipsychotic medications
on the measures of interest, we also studied five additional
nonschizophrenic psychiatric subjects, who had been treated
with these medications, and their matched normal controls.
The demographic characteristics and diagnoses for all eight
pairs of antipsychotic-treated psychiatric and normal control
subjects are shown in Table 2.

Tissue Preparation. For each subject, coronal blocks (1.0 cm
thick) from the left PFC were immersed in ice-cold 4%
paraformaldehyde in phosphate buffer for 48 h, washed in a
graded series of sucrose solutions, and then stored in an
antifreeze solution at 230°C. Previous studies have demon-
strated that storage under these conditions does not alter
immunoreactivity (14, 15).

GAT-1 Immunocytochemistry. Tissue blocks were cut (40
mm) on a cryostat and every tenth section was stained for Nissl
substance. These sections were used to identify the location of
PFC areas 9 and 46 by cytoarchitectonic criteria (16, 17).
Free-floating sections containing areas 9 and 46 were treated
with 1% hydrogen peroxide for 15 min to eliminate endoge-
nous peroxidase activity, rinsed in PBS, and then incubated in

PBS containing 0.3% Triton X-100 and 5% normal goat serum
for 30 min at room temperature. Sections were then incubated
in PBS containing 0.3% Triton X-100, 3.5% normal goat
serum, 0.05% BSA, and either a rabbit anti-GAT-1 antibody
(1:1,000 dilution, Chemicon, Temecula, CA) or a rabbit anti-
calretinin antibody (1:3,000 dilution, SWant, Bellinzona, Swit-
zerland) for 2 days at 4°C, and processing was completed by
using the Vectastain ABC kit (Vector Laboratories) and
diaminobenzidine. Sections from each triad or pair of subjects
were processed together through all steps and were then
mounted on coded slides.

The specificity of the anti-GAT-1 antibody has been de-
scribed (13). In addition, replacement of the primary antibody
with normal goat serum produced an absence of immunore-
activity, and incubation of sections with antibodies directed
against GAT-2 or GAT-3 (Chemicon) produced different
patterns of immunoreactivity without labeled axon cartridges.
The specificity of the anti-calretinin antibody was confirmed by
preadsorption experiments with cognate and noncognate pro-
teins as described (16, 18).

Quantification of GAT-1-Immunoreactive Axon Cartridges.
Quantification was performed without knowledge of subject
number or diagnosis in both areas 9 and 46. On each tissue
section, all GAT-1-immunoreactive axon cartridges within
500-mm-wide traverses extending from the pial surface to the
white matter border were counted by using a Neurolucida
system (MicroBrightField, Colchester, VT) attached to a Leitz
Aristoplan microscope at a final magnification of 3400. In-
trarater reliability was evaluated by recounting the same
traverses over time and was consistently greater than 95%.
Laminar boundaries were determined based on percent values
derived from measurements on neighboring Nissl-stained sec-
tions. The density of cartridge-like profiles with detectable
levels of GAT-1 immunoreactivity (subsequently referred to as
cartridge density) for each area of each subject was then
obtained by averaging the density values from four traverses.

To verify the cartridge density measures obtained by using
the traverse counting technique described above, additional
tissue sections from the schizophrenic and normal comparison
subjects were processed for GAT immunoreactivity, and la-
beled cartridges were counted in area 46 by using the FRAC-
TIONATOR program of the Stereo Investigator system (Version
3.0; MicroBrightField). This program provides unbiased and
systematic sampling of counting frames with inclusion and
exclusion boundaries (19). For each tissue section, the contour
area of layers 2 and 3A was outlined and labeled cartridges
were identified in random counting frames, each with an area
of 62,500 mm2. Counts were restricted to these layers because

Table 2. Demographic characteristics and densities of
GAT-1-immunoreactive axon cartridges in psychiatric subjects
treated with antipsychotic medications and matched controls

Subject group

Control Psychiatric*

Maleyfemale ratio 5:3 5:3
Age, years 58.4 6 17.4 58.0 6 14.7
Postmortem interval, h 11.8 6 6.2 11.3 6 5.2
Tissue storage, months 61.8 6 18.7 55.1 6 33.6
Cartridge density, mm22

Area 9 32.5 6 19.4 28.8 6 16.6
Area 46 38.0 6 21.1 37.4 6 16.7

Groups were not significantly different on any measure; all values
are the mean 6 SD.
*DSM-IIIR diagnoses: Major depression with psychotic features (n 5

4), bipolar disorder with psychotic features (n 5 1), organic affective
disorder with psychotic features (n 5 2), organic delusional disorder
(n 5 1).

Table 1. Demographic characteristics and densities of GAT-1-immunoreactive axon cartridges in the
three subject groups

Subject group

AnalysisControl Schizophrenic Psychiatric

Maleyfemale ratio 10:5 10:5 10:5 P 5 NS
Age, years 53.9 6 13.8 53.6 6 13.0 53.7 6 12.4 P 5 NS
Postmortem interval, h 11.3 6 5.4 11.7 6 5.6 11.6 6 5.2 P 5 NS
Age at onset of illness, years* NA 26.5 6 7.2 34.3 6 15.4 P 5 NS
Duration of illness, years* NA 26.7 6 12.4 16.9 6 12.5 P 5 0.097
% suicide 0.0 13.3 40.0 P 5 0.014
% out-of-hospital deaths 93.3 80.0 80.0 P 5 NS
Tissue storage, months 52.3 6 18.3 54.9 6 22.4 44.4 6 25.7 P 5 NS
Cartridge density, mm22

Area 9 37.9 6 17.0 20.9 6 15.3 36.2 6 9.3 F2, 39 5 9.24, P 5 0.0005
Area 46 43.8 6 16.0 26.0 6 14.3 41.3 6 12.2 F2, 39 5 8.35, P 5 0.001

All values are the mean 6 SD. NS, not significant; NA, not applicable.
*Because the available data were insufficient to determine the age of onset of three psychiatric subjects,

the schizophrenic and psychiatric subjects from these triads (patients 2, 5, and 6) were not included in
these analyses.
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of the lamina-specific distribution of labeled cartridges. A
minimum of 150 cartridges was counted in each sample except
for two schizophrenic subjects (Fig. 2B, see triads 7 and 15).
The coefficient of error for cartridge counts was ,10% in
every subject.

The length of axon cartridges was measured in area 46 in the
same locations where cartridge densities were determined.
Cartridge lengths were measured by using a 363 oil-immersion
objective lens and the Neurolucida system. For each subject, 50
consecutive cartridges were measured (,25 were sampled in
two schizophrenic subjects;Fig. 2B, see triads 7 and 15), and
the mean cartridge length for each subject was determined.

Quantification of GAT-1-Immunoreactive Boutons. Two
approaches were used to determine whether the density of all
GAT-1-immunoreactive axonal boutons differed across sub-
ject groups. First, all sections from the same triad of cases were
simultaneously scanned on a AGFA Arcus II scanner, without
knowledge of the diagnoses, and the stored images were then
displayed on a Micro Computer Imaging Device (Imaging
Research, St. Catherine’s, ON, Canada) (14). On each of the
images, three rectangles extending from the layer 1–2 border
to the layer 6–white matter border and ranging from 100 to 300
mm wide, were drawn within areas 9 and 46 in the same regions
where cartridge densities were obtained. Three other rectan-
gles of variable sizes were then placed in the adjacent white
matter. Light transmittance values through these boxes were
automatically computed, and average values in the gray matter
and white matter were determined for each cytoarchitectonic
area of each section. Adjusted optical density values were then
computed as described (14).

Second, several 5-mm2 portions of cortex were removed
from medial area 9 of another set of 40-mm-thick sections from
the schizophrenic and normal comparison subjects that had
been processed for GAT-1 immunoreactivity. These sections
were flat-embedded in Epon 812 and resectioned on an
ultramicrotome at 1.0 mm. Serial sections were collected
beginning at the tissue–Epon interface. Labeled boutons were
then counted on sections 2, 5, and 8 at a final magnification of
31,000 in random counting boxes (400 mm2) by using the
STEREO INVESTIGATOR FRACTIONATOR program. A minimum
of 200 labeled boutons was counted in each subject and the
coefficient of error for bouton counts was consistently ,10%.
This same approach was also used to count boutons that were
immunoreactive for calretinin.

Statistical Analyses. Differences between subject groups in
demographic characteristics were evaluated with one-way
analyses of variance, and measures of cartridge or bouton
density were assessed by using analyses of covariance with age,
sex, and postmortem interval as covariants, diagnosis as the
fixed main effect, and individual cases as a random effect.

RESULTS

In all three groups of subjects, GAT-1-immunoreactive punc-
tate structures, presumably GABA axon terminals, were dis-
tributed across all cortical layers of the PFC but not in the
subjacent white matter (Fig. 1 A and B). The intensity of
labeling was greater in the superficial than in the deep layers,
consistent with the known distribution of GABA terminals
(20). Amid this general punctate labeling, distinct parallel
arrays of intensely immunoreactive axonal boutons were
readily identified below the soma of unlabeled pyramidal cells
(Fig. 1 C–E). These structures were morphologically identical
to the ‘‘axon cartridges’’ that have previously been shown to
represent the terminals of the chandelier class of GABA
neurons (10, 21) and to form symmetric synapses on the axon
initial segment of pyramidal neurons (21–23). GAT-1-labeled
cartridges were distributed across layers 2–6 with the density
somewhat lower in layers 3B–5A than in the superficial or deep
layers.

In both areas 9 and 46, the traverse counting procedure
revealed that the mean density of chandelier axon cartridges in
the PFC was significantly decreased by about 40% in the
schizophrenic subjects compared with both the normal control
and psychiatric subjects (Table 1). Analysis of individual triads
of subjects (Fig. 2) revealed that cartridge density was lower in
the schizophrenic subject than in both the matched normal
control subject and the nonschizophrenic psychiatric subject
for 11 of the 15 triads, suggesting that the majority of indi-
viduals with schizophrenia exhibit these abnormalities. Fur-
thermore, cartridge density in the schizophrenic subjects was
decreased across layers 2–6, although the magnitude of decline
was greater in the superficial than in the deep cortical layers.
For example, in layers 2 and 3 of both PFC regions, mean
cartridge density in the schizophrenic subjects was decreased
by 51.6% and 48.4% relative to the normal control and
psychiatric subjects, respectively, whereas in layers 5 and 6,
mean cartridge density was decreased in the schizophrenic
subjects by 39.1% and 34.5%, respectively. However, these
laminar differences did not achieve statistical significance.

The decreased relative density of GAT-1-labeled cartridges
in the schizophrenic subjects was confirmed by systematic
random sampling procedures in layers 2–3A of area 46 in an
additional set of tissue sections. Mean (6SD) cartridge density
(per mm2) was significantly (P 5 0.009) reduced in the
schizophrenic subjects (60.2 6 45.8) compared with normal
control subjects (98.0 6 41.7), and cartridge density was lower
in the schizophrenic subject than in the matched control for 12
of the 15 pairs.

Because these findings could have been confounded by a
difference in cartridge length between control and schizo-
phrenic subjects, we measured individual cartridges in area 46
from the 12 schizophrenic subjects that showed cartridge
density reduction and their matched normal control subjects.
However, mean cartridge length in the schizophrenic subjects
(17.3 6 1.5 mm) was not different from that in the control cases
(17.9 6 1.5 mm). In addition, the reduction in cartridge density
is not likely to be due an increased PFC volume in the
schizophrenic subjects because cortical thickness was de-
creased in the schizophrenic subjects by 4.2% and 4.9% in
areas 46 and 9, respectively, although these differences did not
achieve statistical significance. In addition, no significant
differences in the thickness of individual cortical layers were
found between schizophrenic and control subjects.

Although 13 of the schizophrenic subjects were receiving
antipsychotic medications at the time of death, several lines of
evidence suggest that this treatment did not account for the
decreased cartridge density. (i) The two schizophrenic subjects
who had not been on medications for either more than 6
months or 10 years had cartridge densities that were lower than
both the matched normal control and psychiatric subjects (see
Fig. 2; triads 5 and 7). (ii) Cartridge densities in each of the
three psychiatric subjects who had received antipsychotic
medications were higher than in the matched schizophrenic
subjects in both PFC regions (Fig. 2; triads 3, 10, and 15). (iii)
Finally, we examined five additional antipsychotic-treated
nonschizophrenic psychiatric subjects and five matched nor-
mal controls. Mean cartridge density did not differ between
the eight psychiatric subjects treated with antipsychotic agents
and the matched normal controls in either area 9 or 46 (Table
2). Thus, it appears unlikely that the observed decrease in
cartridge density in schizophrenia is a consequence of treat-
ment with antipsychotic medications.

To determine whether the observed decrease in cartridge
density reflected a generalized decrease in GAT-1 immuno-
reactivity in all GABA terminals, two measures were made of
all GAT-1-labeled boutons. (i) Mean (6SD) adjusted optical
density measures of GAT-1 immunoreactivity in the same
tissue sections used for the cartridge counts did not differ in
either area 9 or 46, respectively, among schizophrenic (0.18 6
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0.04; 0.19 6 0.05), control (0.19 6 0.04; 0.19 6 0.04), and
psychiatric (0.20 6 0.04; 0.21 6 0.05) subjects. Because
chandelier neuron axon cartridges constitute only a small
proportion of all GABA terminals (11, 12), the absence of any
differences in adjusted optical density measures across subject
groups suggests that decreased GAT-1 immunoreactivity may
be relatively specific to the axon terminals of chandelier
neurons. Furthermore, the mean density (per 400 mm2) of all
GAT-1-immunoreactive boutons in layers 2–3A of area 9 was
not significantly decreased in the schizophrenic subjects (6.6 6
1.7) compared with the normal controls (6.8 6 1.6), indicating
that the labeled boutons arising from the chandelier class of
GABA neurons may be preferentially altered in schizophrenia.

As one additional assessment of the selectivity of the
changes for chandelier neuron axon terminals, we also counted
the density of calretinin-immunoreactive axonal boutons. This
calcium-binding protein, present in about 50% of all GABA
neurons in the primate PFC, does not appear to be expressed
in the chandelier subclass (18, 24–26). The mean density (per

400 mm2) of all calretinin-labeled boutons in layers 2–3A of
area 9 did not differ between the schizophrenic (4.8 6 1.1) and
normal control subjects (4.5 6 0.8). These findings also suggest
that the axon terminals of the chandelier class of PFC GABA
neurons are predominately, if not selectively, affected in
schizophrenia.

DISCUSSION

The findings of this study suggest that previous reports indic-
ative of altered GABA neurotransmission in the PFC in
schizophrenia (6–9) may be a consequence of abnormalities in
the chandelier class of GABA-containing local circuit neurons.
The decreased density of GAT-1-labeled axon cartridges could
be due to a decrease in the number of chandelier neurons.
However, this explanation is unlikely because the density,
laminar distribution, and size of neurons containing parval-
bumin, a calcium-binding protein present in chandelier neu-
rons (21, 27), were not altered in the PFC in the same 15

FIG. 1. Laminar distribution and overall intensity of GAT-1 immunoreactivity in area 46 is similar in matched normal control (A) and
schizophrenic (B) subjects (see Table 1, triad 3). Hash marks indicate the layer 1–2 and 3–4 borders. At higher magnification (C), GAT-1-labeled
axon cartridges (open arrows) are readily identified amid the diffuse punctate immunoreactivity. Solid arrow indicates the same blood vessel in
A and C. Individual GAT-1-immunoreactive axon cartridges are located below the unlabeled cell bodies of pyramidal neurons (P) in normal control
(D) and schizophrenic (E) subjects. [Bars 5 500 mm (A and B), 50 mm (C), and 10 mm (D and E).]
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schizophrenic subjects examined in the present study (28).
Consistent with this finding, most other studies have also failed
to detect a decrease in the number of PFC neurons in
schizophrenia (8, 29, 30). In the one study that did report a
decrease in the density of small presumably nonpyramidal
neurons in PFC layer 2 (31), the decrease appeared to be
associated with the presence of affective traits (32). However,
only 2 of the 15 subjects in the present study met criteria for
schizoaffective disorder. Thus, the decreased density of axon
cartridges observed in the schizophrenic subjects does not
appear to be attributable to a diminished number of PFC
chandelier neurons in these subjects.

The observed decrease in density of GAT-1-immunoreac-
tive cartridges could represent a reduction in the number of
intact cartridges. This could arise as a consequence of abnor-
malities in the pyramidal neurons that chandelier cartridges
innervate. Although further investigations are required to fully
address this question, the number of PFC pyramidal neurons
does not appear to be decreased in schizophrenia (8, 29–31).
In addition, in an investigation that included many of the
subjects examined in the present study, no abnormalities were
identified in the subpopulation of PFC pyramidal neurons that
express nonphosphorylated neurofilament protein (33).

Decreased cartridge density could also be due to a reduction
in the number of boutons per cartridge so that some individual
cartridges lose their distinctive appearance. Due to the linear
arrangement of the boutons within a cartridge, a reduction in
bouton number would likely produce shorter cartridges. How-
ever, the length of GAT-1-positive cartridges did not differ
between schizophrenic and control subjects. Alternatively, our

findings might represent a reduction in the number of axon
cartridges arising from each chandelier cell, an interpretation
consistent with the results of other studies indicating that the
number of axon terminals in the PFC are diminished in
schizophrenia (14, 29).

In contrast to a change in the actual number of cartridges,
the decreased density of GAT-1-labeled cartridges might
reflect reduced levels of GAT-1 immunoreactivity in chande-
lier neuron axon terminals. In fact, during development of the
primate PFC, the detectability of other protein markers for
chandelier axon cartridges may decline substantially (34) with-
out any apparent loss of terminals (10) or change in the total
number of inhibitory synapses (35). Whether due to fewer axon
cartridges or decreased GAT-1 levels per cartridge, our find-
ings suggest that inhibition to the axon initial segment of
pyramidal cells is altered in the PFC in schizophrenia.

The importance of a decrease in GAT-1-immunoreactive
cartridges for our understanding of the pathophysiology of
schizophrenia depends, in part, on the selectivity of the
findings. Several lines of evidence suggest that the decrease in
GAT-1-labeled axon cartridges may be specific to the disease
process of schizophrenia. (i) The density of labeled cartridges
was not decreased in the matched group of nonschizophrenic
psychiatric subjects, indicating that factors such as suicide,
chronic psychiatric illness, or comorbid substance abuse or
dependence do not explain the findings in the schizophrenic
subjects. (ii) The density of GAT-1-immunoreactive cartridges
did not differ between schizophrenic subjects with and without
a history of alcohol abuse or dependence. (iii) Finally, as
indicated above, treatment with antipsychotic medications did
not appear to account for the decrease in cartridge density.

Several lines of evidence suggest that alterations in GABA
terminals in the PFC in schizophrenia may be relatively
selective for those arising from the chandelier neuron class. (i)
Although the mean relative density of GAT-1-immunoreactive
axon cartridges was reduced by 40% in the schizophrenic
subjects, no changes were observed in the total number of
GAT-1-labeled axon boutons. Because chandelier neuron
axon cartridges constitute less than 1% of all GABA terminals
in the cortex (12), a change restricted to chandelier neuron
terminals would not be detectable by counting all GABA
boutons. However, if all subpopulations of GABA neurons
were similarly affected, then such a change would be reflected
in the counts of all boutons. (ii) The density of calretinin-
immunoreactive boutons did not differ between schizophrenic
and control subjects. Calretinin is present in approximately
50% of PFC GABA neurons and is not expressed in chandelier
cells in this region (18, 24–26). (iii) Finally, the number of PFC
neurons with detectable levels of the mRNA for glutamic acid
decarboxylase, the rate-limiting enzyme of GABA synthesis, is
reduced in schizophrenia (8), an observation consistent with
the notion that alterations in PFC GABA neurotransmission
in schizophrenia are restricted to a subset of GABA neurons.

The decreased cartridge density was present across layers
2–6, suggesting that the output activity of multiple populations
of PFC pyramidal neurons may be affected in schizophrenia.
Such a change would certainly contribute to the substantial
alterations in activity within the PFC and in interconnected
cortical and subcortical regions (36, 37) that are thought to
account for the cognitive abnormalities characteristic of
schizophrenia (38, 39). In addition, parvalbumin-containing
cortical neurons, which include chandelier cells (21, 27), have
been shown to be synaptic targets of dopamine axons (40) and
to express dopamine D4 receptors (41). These neurons also
receive input from serotonin-containing axons (42). In concert
with the results of the present study, these findings raise the
possibility that the therapeutic effects of atypical antipsychotic
medications with a high affinity for D4 and serotonin 5-HT2
receptors (43) may be mediated, at least in part, via chandelier

FIG. 2. Mean cartridge density in individual triads of subjects in
areas 9 (A) and 46 (B). {, Normal control subjects; 3, nonschizo-
phrenic psychiatric subjects; F, schizophrenic subjects. The psychiatric
subjects in triads 3, 10, and 15 had been treated with antipsychotic
medications, and the schizophrenic subjects in triads 5 and 7 were not
on these medications at the time of death.
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neuron axon cartridges that are strategically located to regulate
pyramidal cell output.
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