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Objective: Abnormalities in prefrontal cortical y-aminobutyric acid (GABA) neurotrans-
mission may contribute to cognitive dysfunction in schizophrenia. The density of chandelier
neuron axon terminals (cartridges) immunoreactive for the GABA membrane transporter
(GAT-1) has been reported to be reduced in the dorsolateral prefrontal cortex of schizo-
phrenic subjects. Because cartridges regulate the output of pyramidal cells, this study an-
alyzed the laminar distribution of GAT-1-immunoreactive cartridges to determine whether
certain subpopulations of pyramidal cells are preferentially affected. Method: Measure-
ments were made of the density of GAT-1-immunoreactive cartridges in layers 2—3a, 3b—4,
and 6 of dorsolateral prefrontal cortex area 46 in 30 subjects with schizophrenia, each of
whom was matched to one normal and one psychiatric comparison subject. GAT-1-immu-
noreactive cartridge density was also examined in monkeys chronically treated with halo-
peridol. Results: Relative to both comparison groups, the schizophrenic subjects had sig-
nificantly lower GAT-1-immunoreactive cartridge density in layers 2—3a and 3b—4. The
decrease was most common and most marked in layers 3b—4, where 80% of the schizo-
phrenic subjects exhibited an average 50.1% decrease in cartridge density in comparison
with the matched normal subjects. In contrast, GAT-1-immunoreactive cartridge density
was unchanged in the haloperidol-treated monkeys. Conclusions: These findings demon-
strate that the density of GAT-1-immunoreactive cartridges is reduced in the majority of
schizophrenic subjects and that this alteration may most prominently affect the function of
pyramidal cells located in the middle cortical layers. This abnormality may reflect a number
of underlying deficits, including a primary defect in dorsolateral prefrontal cortex circuitry or

a secondary response to altered thalamic input to this region.

(Am J Psychiatry 1999; 156:1709-1719)

Abnormalities in the neural circuitry of the dorso-
lateral prefrontal cortex may contribute to distur-
bances in certain cognitive functions, such as working
memory, that are characteristic of schizophrenia (1, 2).
Convergent lines of evidence suggest that these cir-
cuitry abnormalities involve alterations in the inhibi-
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tory neurotransmitter y-aminobutyric acid (GABA).
For example, the activity of glutamic acid decarboxy-
lase (GAD), the enzyme responsible for GABA synthe-
sis, and the level of expression of GADg7 mRNA have
both been reported to be reduced in the dorsolateral
prefrontal cortex of subjects with schizophrenia (3-6).
In addition, alterations in GABA 4 receptors have been
reported in ligand binding studies (7).

These changes in markers of GABA neurotransmis-
sion may reflect abnormalities that are selective for the
chandelier subclass of GABA-containing neurons (8).
The axon terminals of chandelier neurons form dis-
tinctive arrays, termed “cartridges,” that provide in-
hibitory input exclusively to the axon initial segment
of pyramidal cells (9). Because of the location of the
synapses formed by their axon terminals, chandelier
cells are positioned to powerfully regulate the output
of pyramidal neurons, the principal type of cortical ex-
citatory projection neuron (10). We recently reported
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TABLE 1. Characteristics of 30 Triads of Subjects in a Postmortem Study of GAT-1-Immunoreactive Cartridges in the Dorsolateral

Normal Comparison Subjects

Schizophrenic

Post- Post-
mortem Storage mortem
Subject Age Interval Time Subject Age Interval
Triad Number Sex (years) (hours) (years) Cause of Death Number Diagnosis Sex (years) (hours)
1 2302 M 33 18.2 5.9  Atherosclerotic coronary 153  Chronic paranoid M 24 18.3
vascular disease schizophrenia??
2 250 F 47 5.3 5.7  Atherosclerotic coronary 398  Schizoaffective F 41 10.3
vascular disease disorder
3 270 M 62 3.3 5.4  Atherosclerotic coronary 131  Chronic undifferentiated M 62 3.9
vascular disease schizophreniad
4 304 M 74 175 5.1 Trauma 236 Residual schizophrenia M 69 17.0
5 313 M 60 11.0 4.9  Atherosclerotic coronary 185  Chronic undifferentiated M 64 8.6
vascular disease schizophrenia®9
6 451 M 48 12.0 2.3  Atherosclerotic coronary 317  Chronic undifferentiated M 48 8.3
vascular disease schizophrenia
7 168 M 77 6.2 6.7  Atherosclerotic coronary 207  Chronic undifferentiated M 72 3.8
vascular disease schizophrenia?
8 178 M 48 7.8 6.5  Atherosclerotic coronary 377  Chronic undifferentiated M 52 10.0
vascular disease schizophrenia
9 452 F 40 14.3 2.3  Atherosclerotic coronary 341  Chronic undifferentiated F 47 145
vascular disease schizophrenia”
10 420 F 67 195 3.2 Accidental carbon 333 Chronic undifferentiated  F 66 17.9
monoxide poisoning schizophrenia
11 396 M 41 175 3.7  Atherosclerotic coronary 408  Chronic paranoid M 46 19.8
vascular disease schizophrenia
12 344 M 50 6.8 4.6  Atherosclerotic coronary 422  Chronic paranoid M 54 11.0
vascular disease schizophrenia
13 449 F 47 4.3 2.3  Accidental carbon 517  Chronic disorganized F 48 3.7
monoxide poisoning schizophrenia’
14 412 M 42 14.2 3.5  Aortic stenosis 466  Chronic undifferentiated M 48 19.0
schizophrenia
15 390 F 72 11.0 3.9  Atherosclerotic coronary 428  Schizoaffective F 67 9.0
vascular disease disorderd
16 592 M 41 22.1 1.2 Atherosclerotic coronary 450  Chronic undifferentiated M 48 22.0
vascular disease schizophrenia®?:9
17 681 M 51 11.6 0.1 Hypertrophic 234 Chronic paranoid M 51 12.8
cardiomyopathy schizophrenia?
18 395 M 42 12.3 4.8 Pericardial tamponade 322  Chronic undifferentiated M 40 8.5
schizophrenia
19 567 F 46 15.0 15 Mitral valve prolapse 537 Schizoaffective F 37 14.5
disorder9
20 585 M 26 16.0 1.2 Trauma 547 Schizoaffective disorder M 27 16.5
21 568 F 60 9.5 1.5  Atherosclerotic coronary 559  Schizoaffective F 61 16.8
vascular disease disorderf
22 620 M 64 17.3 0.8  Accidental drowning 566  Chronic undifferentiated M 63 18.3
schizophreniad
23 285 F 27 16.5 6.4  Trauma 587  Chronic undifferentiated F 38 17.8
schizophreniad
24 575 F 55 11.3 1.4  Atherosclerotic coronary 597  Schizoaffective disorder F 46 10.1
vascular disease
25 213 M 83 19.0 7.3 Tuberculosis 621  Chronic undifferentiated M 83 16.0
schizophrenia?
26 551 M 61 16.4 1.7 Cardiac tamponade 622  Chronic undifferentiated M 58 18.9
schizophrenial
27 634 M 52 16.2 0.6  Atherosclerotic coronary 625  Chronic disorganized M 49 23.5
vascular disease schizophrenia”
28 278 M 50 4.5 6.4  Atherosclerotic coronary 640  Chronic paranoid M 49 5.2
vascular disease schizophrenia
29 474 F 49 13.4 3.1 Hypertensive 656  Schizoaffective F 47 20.1
cardiovascular disease disorderf
30 643 M 50 24.0 0.5  Atherosclerotic coronary 581  Chronic paranoid M 46 28.1

vascular disease

schizophrenia®

d Alcohol abuse, in remission at time of death.
€ History of treatment with antipsychotic medications.
f Alcohol dependence, current at time of death.

a Alcohol dependence, in remission at time of death.
b Nonalcohol substance dependence, in remission at time of death.
¢ Nonalcohol substance dependence, current at time of death.
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Subjects Psychiatric Comparison Subjects
Post-
Storage mortem Storage
Time Subject Age Interval Time
(years) Cause of Death Number Diagnosis Sex (years) (hours) (years) Cause of Death
6.8 Suicide by drowning 513  Major depression with M 24 13.1 1.1 Suicide by hanging
psychotic features®
3.7 Pulmonary embolism 210  Major depression F 50 4.7 6.2 Suicide by drowning
7.6 Pneumonia 249  Major depression with M 57 4.3 5.7 Atherosclerotic coronary
psychotic features® vascular disease
5.9 Thermal burns 403  Major depressiond M 70 16.5 3.6 Atherosclerotic coronary
vascular disease
6.4 Atherosclerotic coronary 282  Alcohol abuse" M 58 11.5 5.3 Suicide by hanging
vascular disease
49 Bronchopneumonia 324  Alcohol dependencef M 47 7.0 4.8 Atherosclerotic coronary
vascular disease
6.2 Subdural hematoma 493  Mood disorder due to a M 73 8.3 15 Atherosclerotic coronary
general medical condition® vascular disease
4.1 Gastrointestinal 397  Paranoid personality M 48 14.0 3.7 Atherosclerotic coronary
bleeding disorder vascular disease
4.6 Suicide by chlorproma- 564  Major depression with F 56 16.6 0.5 Suicide by hanging
zine overdose psychotic features
4.7 Atherosclerotic coronary 203  Bipolar disorder with F 70 19.3 6.3 Atherosclerotic coronary
vascular disease psychotic featuresd-e vascular disease
3.6 Atherosclerotic coronary 511  Major depression M 43 17.9 1.1 Atherosclerotic coronary
vascular disease vascular disease
3.2 Atherosclerotic coronary 505  Major depression M 57 12.8 1.2 Suicide by gunshot
vascular disease )
1.1 Intracerebral 248  Major depression®! F 48 6.3 5.7 Suicide by hanging
hemorrhage
2.1 Atherosclerotic coronary 421  Major depressiond M 44 16.0 3.2 Atherosclerotic coronary
vascular disease vascular disease
3.0 Chronic obstructive 228  Major depression with F 66 5.4 5.9  Accidental asphyxiation
pulmonary disease psychotic features®
3.3 Suicide by jumping 641 Alcohol-infduced mood M 48 155 0.5 Suicide by gunshot
disorder
7.0 Cardiomyopathy 602  Major depressionf M 56 11.8 1.0  Suicide by gunshot
6.2  Suicide by combined 453  Major depression™ M 37 11.0 3.3 Suicide by gunshot
drug overdose
1.9 Suicide by hanging 642  Bipolar disorderef F 40 24.1 0.5  Acute alcohol
intoxication
1.9 Heat stroke 628  Major depression M 26 21.6 0.8 Suicide by carbon
monoxide poisoning
1.6 Atherosclerotic coronary 565  Major depression®" F 62 12.4 15 Suicide by gunshot
vascular disease
15 Atherosclerotic coronary 644  Mood disorder due to M 73 18.3 0.7  Atherosclerotic coronary
vascular disease general medical condition® vascular disease
1.2 Myocardial hypertrophy 594  Alcohol-induced mood F 37 23.7 1.1  Atherosclerotic coronary
disorderf vascular disease
11 Pneumonia 638  Bipolar Il disorder" F 46 12.8 0.6  Suicide by carbon
monoxide poisoning
0.7 Accidental asphyxiation 532  Mood disorder due to a M 76 13.9 2.0  Suicide by jumping
general medical condition
with psychotic features®
0.7 Right middle cerebral 619  Major depressionP€ M 55 18.8 0.8 Suicide by gunshot
artery infarction
0.7 Atherosclerotic coronary 288  Alcohol dependence®f M 40 18.3 6.3 Accidental combined
vascular disease ) drug overdose
0.5 Pulmonary embolism 409  Alcohol dependence?! M 45 7.0 4.5 Atherosclerotic coronary
vascular disease
0.4 Suicide by gunshot 635  Depression not otherwise F 54 17.8 0.6 Atherosclerotic coronary
specified vascular disease
1.4 Accidental combined 542  Bipolar disorderd M 43 26.8 1.9 Accidental drowning

drug overdose

9 Off medication at time of death.
_hAIcohoI abuse, current at time of death
' Nonalcohol substance abuse, current at time of death.
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TABLE 2. Characteristics of Subjects in Each Diagnostic Group

Normal Subjects

Schizophrenic Subjects

Other Psychiatric

Variable (N=30) (N=30) Subjects Analysis

Mean SD Mean SD Mean SD
Age (years) 52.1 13.8 51.6 13.0 51.6 13.3 F=0.02, df=2, 87, p=0.98
Postmortem interval (hours) 13.1 54 14.1 6.2 14.3 6.0 F=0.32, df=2, 87, p=0.72
Tissue storage (years) 4.0 2.2 3.8 2.3 3.2 2.2 F=0.88, df=2, 87, p=0.41
Age at onset (years)? 27.4 9.1 40.3 18.1 t=3.93, df=24, p=0.0006
Duration of illness (years)? 251 11.8 121 12.7 t=4.26, df=24, p=0.0003

N % N % N %

Out-of-hospital deaths 29 96.7 25 83.3 27 90.0 x2=0.68, df=2, p=0.71
Suicide 6 20.0 14 46.7 X%=4.80, df=1, p=0.03
Alcohol disorder 14 46.7 17 56.7 X?=0.60, df=1, p=0.44
Nonalcohol substance disorder 3 10.0 7 23.3 x%=1.92, df=1, p=0.17

aThis information could not be reliably determined for four pairs of subjects.

(8) that the density of these axon cartridges, as re-
vealed by their immunoreactivity for the GABA mem-
brane transporter (GAT-1), was decreased on average
by 40% in the dorsolateral prefrontal cortex of schizo-
phrenic subjects. In addition, these abnormalities may
be specific to the chandelier class of GABA neurons,
since the axon terminals of other classes of GABA neu-
rons did not appear to be affected (8). Given the criti-
cal role of chandelier cells in dorsolateral prefrontal
cortex circuitry, alterations in GAT-1-immunoreactive
axon cartridges could play a major role in the dysfunc-
tion of this brain region in schizophrenia.

To further explore the pathophysiological signifi-
cance of alterations in chandelier neuron axon car-
tridges, we asked the following questions. First, does
the decreased density of GAT-1-immunoreactive car-
tridges reflect a change in inhibitory control over all
populations of pyramidal cells in the dorsolateral pre-
frontal cortex, or are certain subpopulations preferen-
tially affected? Since pyramidal cells in each cortical
layer receive specific types of afferent inputs and fur-
nish excitatory projections to certain brain regions
(11), determining whether chandelier cell axon car-
tridges are differentially affected across cortical layers
will provide insight into the integrity of specific dorso-
lateral prefrontal cortex circuits in schizophrenia. Sec-
ond, does the decrease in density of GAT-1-immuno-
reactive cartridges in schizophrenia reflect an effect of
antipsychotic or other medications commonly used in
the treatment of schizophrenia? The answer to this
question will help reveal the pathophysiological versus
the therapeutic significance of alterations in chandelier
neuron axon cartridges.

To address these questions, we determined the lami-
nar distribution of GAT-1-labeled chandelier neuron
axon cartridges in the dorsolateral prefrontal cortex of
30 schizophrenic and 60 comparison subjects. In addi-
tion, we used an identical approach to examine GAT-
1-immunoreactive axon cartridges in nonhuman pri-
mates chronically treated with haloperidol and benz-
tropine in a fashion that mimicked clinical use.
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METHOD

Specimens from 90 human brains (table 1) were obtained, during
autopsies conducted at the Allegheny County, Pa., coroner’s office,
with the consent of next of kin and the approval of the Health Sci-
ences Institutional Review Board of the University of Pittsburgh.
Gross and microscopic neuropathological screening revealed no ab-
normalities in any subject, with the following exceptions. Thio-
flavine S staining revealed a rare neurofibrillary tangle in one subject
(number 493) and a few neuritic plaques in four subjects (numbers
207,213, 304, and 313). However, the density of the plaques was in-
sufficient to meet the diagnostic criteria for Alzheimer’s disease (12),
and none of the subjects had a history of dementia. For two subjects,
the cause of death involved brain damage (number 207: left parietal
subdural hematoma; number 517: vascular malformation and in-
tracerebral hemorrhage in the right temporal lobe), but the area of
interest for the present study was not affected. An independent panel
of three experienced clinicians made consensus DSM-III-R diag-
noses, using information obtained from medical records and struc-
tured interviews with surviving family members. These procedures
have been previously described (13).

We examined 30 subjects with schizophrenia, each of whom was
individually matched to one normal and one nonschizophrenic psy-
chiatric comparison subject on age, sex, and postmortem interval
(table 1). There were 10 female and 20 male subjects in each of the
three groups of subjects. The postmortem interval was defined as the
time between the estimated time of death and the time when the
brain was placed in ice-cold 4% paraformaldehyde. Individual sub-
ject matching on these variables was done to minimize their poten-
tial confounding effects on our outcome measures. Mean values for
age, postmortem interval, and percentage of out-of-hospital deaths
did not differ across subject groups (table 2). Subjects with schizo-
phrenia had an earlier age at onset of illness and a longer duration of
illness than the psychiatric comparison subjects, and 14 psychiatric
subjects had committed suicide as opposed to only six schizophrenic
subjects (table 2). In contrast, the schizophrenic and psychiatric sub-
jects did not differ with regard to the incidence of comorbid alcohol
or other substance disorders (table 2). One of the schizophrenic sub-
jects (number 234) had never been treated with antipsychotic medi-
cations, and six others had been off these medications for a period of
time ranging from 1 month to 10 years prior to death (table 1). Eight
of the psychiatric subjects had been treated with antipsychotic med-
ications at sometime during their lives (table 1). The first 15 subjects
in each diagnostic group (i.e., triads 1-15 in table 1) had been used
in our previous study of GAT-1-immunoreactive cartridges (8).

Tissue Preparation and Immunocytochemistry
At autopsy, the brain was removed and the left hemisphere was
cut into coronal blocks (1.0 cm thick). Tissue blocks were immersed

in ice-cold 4% paraformaldehyde in phosphate buffer for 48 hours,
washed in a graded series of sucrose solutions, and then stored in an
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antifreeze solution at —30°C. Tissue storage time did not differ across
the three subject groups (table 2). Previous studies (13, 14) have
shown that these storage conditions do not affect immunoreactivity.

Coronal sections (40 pm) were cut on a cryostat, and every tenth
section was stained for Nissl substance with thionine. These sections
were used to identify the location of dorsolateral prefrontal cortex
area 46 by cytoarchitectonic criteria (15, 16). From a series of sec-
tions determined to contain area 46, we chose four sections sepa-
rated by 400 pum, beginning with a random starting point. Tissue
sections were treated with 1% hydrogen peroxide for 15 minutes to
eliminate endogenous peroxidase activity; they were then processed
with the use of a rabbit anti-GAT-1 antibody (1:1000 dilution;
Chemicon, Temecula, Calif.) and the Vectastain Elite ABC kit as pre-
viously described (8). Sections from each triad of subjects were pro-
cessed together through all steps and were mounted on coded slides.
The specificity of the anti-GAT-1 antibody has been previously dem-
onstrated (8, 17).

Quantification of GAT-1-Immunoreactive Cartridges

All quantification was performed without knowledge of subject
number or diagnosis. GAT-1-immunoreactive cartridge density was
measured in the superficial layers (2-3a), middle layers (3b-4), and
deep layer (layer 6) of area 46. These layers were selected for analy-
sis because 1) they contain the highest densities of GAT-1-immunore-
active cartridges in normal subjects, and 2) the pyramidal cells in
these layers have different patterns of afferent and efferent connec-
tions (11). Laminar boundaries were determined by measuring the
distance from the pial surface to the borders of each layer on Nissl
sections and calculating the location of each border as a percentage
of total cortical thickness. On average, the layer 1-2 border was lo-
cated at 10%, the layer 3a-3b border at 35%, the layer 4-5 border
at 60%, and the layer 5-6 border at 80% of the distance from the
pial surface to the white matter. On each section, three separate
counting regions (corresponding to the superficial, middle, and deep
layers) were outlined with the Stereo Investigator Fractionator pro-
gram (MicroBrightfield, Inc., Colchester, Vt.). A sampling grid (350
pm x 350 pm) was randomly placed over each counting region, and
all cartridge-like profiles that fell within the sampling frames (225
pm x 225 pum) were counted at a final magnification of 400x by us-
ing rules for unbiased counting. The average Scheaffer coefficients of
error (calculated by the Fractionator program) were 11.3%, 13.2%,
and 13.0% for the normal, schizophrenic, and other psychiatric sub-
jects, respectively. When corrected for sampling frames located along
the exclusion boundaries for each of the counting regions, these val-
ues decreased by 15%-30%, resulting in coefficients of error of ap-
proximately 10% for each cortical layer.

The procedures described above were used for the 45 subjects (tri-
ads 16-30) that were new to this study. For triads 1-135, relative car-
tridge density was assessed by using a cortical traverse counting pro-
cedure as previously described (8). Direct comparison has shown
that the two procedures produce similar density estimates (8). For
triads 1-135, cartridge density values had previously been reported
for the entire cortical thickness. For the present study, the subjects
from triads 1-15 were reanalyzed by applying the laminar percent-
ages described above to the cortical depth coordinates of the car-
tridges in order to obtain density measures of GAT-1-immunoreac-
tive cartridges in layers 2-3a, 3b—4, and 6. Mean densities of GAT-
1-immunoreactive cartridges did not differ between the subjects in
triads 1-15 and triads 16-30 in layers 2—-3a (mean=83.2/mm?, SD=
47.0, and mean=72.5/mm?2, SD=40.5, respectively), layers 3b—4
(mean=47.6/mm?2, SD=36.7, and mean=45.1/mm?, SD=26.1), and
layer 6 (mean=98.4/mm2, SD=49.9, and mean=111.8/mm?, SD=
51.9) (F<1.55, df=1, 88, p>0.22).

Assessment of the Effect of Antipsychotic Medications
on GAT-1-Immunoreactive Cartridges

To assess the influence of psychotropic medications on the density
of GAT-1-immunoreactive cartridges, we studied four male cyno-
molgus (Macaca fascicularis) monkeys treated chronically with halo-
peridol decanoate. Each drug-treated animal was matched to an un-
treated comparison animal on sex, age, and weight. The animals
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initially received daily doses of haloperidol in order to determine the
amount required to produce 8-hour trough serum levels of 4-8 ng/
ml—Tlevels shown to be associated with a therapeutic response in hu-
mans (18). As per standard clinical practice, that dose was multi-
plied by 15 to obtain the dose of haloperidol decanoate to be admin-
istered intramuscularly every 4 weeks. The mean dose of haloperidol
decanoate was 16.0 mg/kg (SD=2.1), and the mean trough serum
level obtained just before the next dose was 4.3 ng/ml (SD=1.1).
Consistent with our attempt to mimic the clinical model of “neuro-
leptic threshold dosing™ (19), all haloperidol-treated animals devel-
oped mild extrapyramidal symptoms that were controlled with
maintenance benztropine mesylate (1 mg b.i.d.). After 9-12 months
of treatment, both animals in a matched pair were euthanized with
an overdose of pentobarbital, and the brains were removed. All pro-
cedures were approved by the University of Pittsburgh’s Institutional
Animal Care and Use Committee.

After a 45-minute postmortem interval, coronal tissue blocks
from the left hemisphere were prepared and processed for GAT-1 im-
munocytochemistry in a manner identical to that described for the
human subjects. The densities of GAT-1-immunoreactive cartridges
in layers 2-3a and 3b—4 of area 46 were determined in a fashion
identical to that described above with one exception. Because of the
thinner cortical mantle in monkeys, the sampling frames (190 pm x
190 pm) were randomly placed at intervals of 225 pm in each count-
ing region. The coefficient of error in each sampling zone of each an-
imal was less than 10%.

Statistical Analysis

For the human studies of GAT-1-immunoreactive cartridge density,
regression analyses revealed a significant association between car-
tridge density and age, but not sex, postmortem interval, or tissue
storage time. Because the last three measures also did not differ be-
tween subject groups (table 2), differences in cartridge density within
each layer were analyzed with the use of a general linear model based
on a complete randomized block design, with diagnostic group, triad
(block), and age as independent variables (20). Analyses were done in
PROC GLM in SAS software, and F ratios were interpreted with type
III sum of squares. Post hoc pairwise comparisons with the schizo-
phrenic group as the target were made by means of Dunnett’s adjust-
ment for multiple comparisons, as this test controls type I experi-
mentwise error. To examine the magnitude and variability of these
comparisons, Dunnett’s t tests were used with an alpha level of 0.05
to calculate confidence intervals. For the monkey studies, analysis of
covariance, with body weight as a covariate, was used to assess group
differences in cartridge density for each layer.

RESULTS

As previously reported (8), GAT-1-immunoreactive
cartridges were readily distinguished from other im-
munoreactive punctate structures by their characteris-
tic appearance and location below the soma of unla-
beled pyramidal cells (figure 1). In some triads of
subjects, a lower density of labeled cartridges in the
schizophrenic subject relative to the matched com-
parison subjects was evident by qualitative inspection
(figure 2).

Comparison of GAT-1-immunoreactive axon car-
tridge density in area 46 across the three groups of hu-
man subjects (figure 3) revealed a significant effect of
diagnosis in the superficial and middle layers, whereas
in the deep layers, the group differences did not quite
achieve statistical significance. In contrast, the effect
of age was not significant in any layer (F<2.70, df=1,
57, p>0.11). In the superficial layers, mean cartridge
density in the schizophrenic subjects was significantly
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FIGURE 1. Brightfield Photomicrograph of a GAT-1-Immunore-
active Chandelier Neuron Axon Cartridge (arrow) Located Be-
low the Unlabeled Cell Body of a Pyramidal Neuron (P) in Hu-
man Dorsolateral Prefrontal Cortex Area 462
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2 Note the distinctive appearance of the cartridge relative to the dif-
fuse punctate pattern of other GAT-1-immunoreactive structures.

(p<0.05) decreased by 27.7% (95% confidence interval
[CI]=2.4%-53.0%) and 26.4% (95% CI=1.3%-51.5%)
in comparison with the matched normal and psychiat-
ric comparison subjects, respectively. Similarly, mean
cartridge density in the middle cortical layers was de-
creased in the schizophrenic subjects by 31.5% (95%
CI=9.0%-54.0%) relative to the normal comparison
subjects and by 19.4% (95% Cl=—6.9%-45.7%) rela-
tive to the psychiatric comparison subjects, although
the latter difference did not achieve statistical signifi-
cance. Cartridge density did not significantly differ be-
tween the normal and psychiatric comparison subjects
in any of the three layers.

Analysis of the data for the individual pairs of schizo-
phrenic and normal subjects suggested that the decrease
in cartridge density in the schizophrenic subjects might
be more common in the middle cortical layers than in
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FIGURE 2. Brightfield Photomicrographs lllustrating the Rela-
tive Density of GAT-1-Immunoreactive Axon Cartridges (ar-
rows) in Cortical Area 46 in a Matched Triad of Normal (A),
Schizophrenic (B), and Other Psychiatric (C) Subjects?
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the superficial or deep layers. For example, cartridge
density was decreased in the schizophrenic subjects in
80.0% of the pairs in layers 3b—4 (compared with
chance expectations, x?=5.9, df=1, p=0.01) but in only
66.7% of the pairs in layers 2-3a (x2=1.7, df=1, p=
0.19) and 63.3% of the pairs in layer 6 (x2=1.1, df=1,
p=0.30) (figure 4). In addition, the frequency and mag-
nitude of the decrease in cartridge density in the middle
layers was similar across the two groups of subjects (tri-
ads 1-15 and 16-30). For example, in layers 3b—4 of
the former group, 13 of 15 schizophrenic subjects
showed a decrease in GAT-1-immunoreactive cartridge
density relative to their matched normal comparison
subjects, and this decrease averaged 55.2% (SD=
28.6%). Similarly, in the same layers of the latter
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FIGURE 3. Mean Density of GAT-1-Immunoreactive Axon Car-
tridges in the Superficial Layers (2—3a), Middle Layers (3b—4),
and Deep Layer (layer 6) of Cortical Area 46 in 30 Matched Tri-
ads of Normal, Schizophrenic, and Other Psychiatric Subjects

_I Normal (N=30) Schizophrenic (N=30) B Psychiatric (N=30)

50

Density (number/mm_ 2)

GAT-1-Immunoreactive Cartridge

o
T

2-33% 3b-4° 6
Cortical Layer

a38D: normal, 42.4; schizophrenic, 47.3; other, 39.2; F=3.80, df=2,
57, p=0.03.

b SD: normal, 32.7; schizophrenic, 31.8; other, 29.0; F=5.00, df=2,
57, p=0.01.

¢ SD: normal, 48.8; schizophrenic, 51.8; other, 49.9; F=2.92, df=2,
57, p=0.06.

group, cartridge density was decreased in comparison
with the matched comparison subjects in 11 of 15
schizophrenic subjects, with a mean decrease of 44.0%
(SD=28.7%) in these subjects (figure 4).

There was a significant main effect of diagnosis on
cortical thickness (F=3.40, df=2, 58, p=0.04). Post hoc
comparisons revealed a significant (p<0.05) 5.9% de-
crease in the mean cortical thickness of the psychiatric
comparison subjects (mean=2602 pm, SD=235) rela-
tive to that of their matched normal comparison sub-
jects (mean=2764 pum, SD=267). In contrast, cortical
thickness in the subjects with schizophrenia (mean=
2697 pm, SD=315) was not significantly different from
that of either comparison group.

To explore the effects of age at onset and duration of
illness on GAT-1-immunoreactive cartridge density, we
used multiple regression analyses. The subject’s age at
the time of death and either age at illness onset or du-
ration of illness were included as independent vari-
ables, since age at the time of death was correlated
with both of these variables. Neither age at onset nor
duration of illness was significantly associated with
GAT-1-immunoreactive cartridge density in any layer
in either the schizophrenic or the other psychiatric sub-
jects (all partial correlation p values >0.50). In addi-
tion, cartridge density in the schizophrenic subjects did
not significantly differ as a function of sex, suicide, his-
tory of alcohol or substance abuse, or antipsychotic
treatment status at the time of death in any of the cor-
tical layers examined (figure 5).

To evaluate whether the observed decrease in GAT-
1-immunoreactive cartridges in schizophrenic subjects
might be a consequence of treatment with psycho-
tropic medications, a similar study was performed in
the dorsolateral prefrontal cortex of monkeys chroni-
cally treated with haloperidol and benztropine. In con-
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FIGURE 4. Density of GAT-1-Immunoreactive Axon Cartridges
in the Superficial Layers (2—3a), Middle Layers (3b—4), and
Deep Layer (layer 6) of Cortical Area 46 in 30 Individual
Matched Pairs of Normal and Schizophrenic Subjects 2

@ Subjects in Triads 1-15 @ Subjects in Triads 16-30

Normal
Schizophrenic
Normal
Schizophrenic
Normal
Schizophrenic

2)

GAT-1-Immunoreactive Cartridge Density (number/mm

2-3a 3b-4
Cortical Layer

2Note that a decreased density of GAT-1-immunoreactive axon
cartridges is most frequently observed in the middle layers of the
schizophrenic subjects.

trast to the decreased density of GAT-1-immunoreac-
tive cartridges observed in the schizophrenic subjects,
mean cartridge density was increased by 21.6% in lay-
ers 2-3a (haloperidol-treated animals: mean=337/
mm?, SD=76.0; control animals: mean=279/mm?, SD=
33.5) and by 9.8% in layers 3b—4 (haloperidol-treated:
mean=291/mm?, SD=53.8; control: mean=269/mm?2,
SD=72.1) of the haloperidol-treated animals in com-
parison with their matched control subjects, although
these differences were not significant (F=1.59, df=1, 5,
p=0.26, and F=6.31, df=1, 5, p=0.05, respectively).
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FIGURE 5. Mean Density of GAT-1-Immunoreactive Axon Cartridges in the Superficial Layers (2—3a), Middle Layers (3b—-4), and

Deep Layer (layer 6) of Cortical Area 46 in 30 Schizophrenic Séjbjects Grouped by Sex

Abuse €, and Antipsychotic Medication at the Time of Death

Cortical Layer
2-3a 3b-4 6

2)

Female Male Female Male

Sex

Female Male

100+ 2-3a 3b-4 6

GAT-1-Immunoreactive Cartridge Density (number/mm

Suicide Other Suicide Other

Cause of Death

Suicide Other

a8 Female, N=10; male, N=20. b Suicide, N=6; other, N=24.

DISCUSSION

The results of this study demonstrate that the density
of chandelier neuron axon cartridges immunoreactive
for GAT-1 is decreased in dorsolateral prefrontal cor-
tex area 46 in a majority of subjects with schizo-
phrenia. Comparison with subjects with other psychi-
atric disorders suggests that decreased GAT-1 cartridge
density may be specific to the disease process of schizo-
phrenia, or at least that it is not a common correlate of
psychiatric illness, suicide, comorbid substance abuse
or dependence, or exposure to antipsychotic medica-
tions. In addition, our results suggest that a decrease in
GAT-1-immunoreactive cartridge density may be most
pronounced and common in the middle cortical layers,
raising the possibility that a subset of chandelier neu-
rons and their target pyramidal neurons are preferen-
tially affected in schizophrenia. The laminar location
of this abnormality suggests that pyramidal neurons
participating in corticocortical circuitry (11) and
thalamocortical circuitry (21, 22) may be most af-
fected. Interestingly, these circuits appear to be in-
volved in working memory (23), a fundamental cogni-
tive function that is disturbed in schizophrenia (1, 2).

Methodological Issues
We report relative densities as opposed to absolute

numbers of GAT-1-immunoreactive cartridges in this
study, since the latter measure was neither feasible nor
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a Cause of Death ?, History of Substance

Cortical Layer

100— 2-3a 3b-4 6
<~ i
) I
0 I
No Yes No Yes No Yes

Substance Abuse

100— 2-3a 3b-4 6

GAT-1-Immunoreactive Cartridge Density (number/mm

No Yes No Yes No Yes
Antipsychotic Medication

®No, N=16; yes, N=14. 9No, N=7; yes, N=23.

necessary (24). To obtain an estimate of the absolute
number of cartridges in area 46, the volume of this
cytoarchitectonic region for each subject must be accu-
rately identified. However, because boundaries be-
tween cytoarchitectonic areas are not sharp and in-
volve extensive transition zones in the human
dorsolateral prefrontal cortex (15, 16), the total num-
ber of cartridges in area 46 cannot be reliably deter-
mined. In addition, the thickness of tissue sections may
shrink by 70% during processing for immunocy-
tochemistry, interfering with the three-dimensional
sampling required for estimation of absolute numbers.
Furthermore, two potential limitations of the use of
profile-counting procedures to determine relative den-
sity (differences in cartridge size or cortical volume
across diagnostic groups) do not appear to have been
confounding factors in the present study. We previ-
ously demonstrated that the length of GAT-1-immu-
noreactive cartridges did not differ across the subject
groups in triads 1-15 (8). In addition, the subjects with
schizophrenia in the present study showed no increase
and perhaps a slight decrease in cortical thickness. This
decrease in cortical thickness, consistent with reports
of decreased dorsolateral prefrontal cortex volume in
schizophrenia (25-27), suggests that the decrease in
GAT-1-immunoreactive cartridges in schizophrenic
subjects may actually be greater than that reported in
the present study. Finally, the use of systematic random
sampling techniques and assessments of sampling ade-
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quacy in this study ensured that the measures obtained
were reliable estimates of relative cartridge density in
each subject.

The three groups of subjects were also matched on
variables critical to interpreting postmortem studies,
such as postmortem interval and tissue storage time,
neither of which was correlated with cartridge density.
In addition, although the subjects with schizophrenia
differed from the other psychiatric subjects on mea-
sures of age at illness onset and duration of illness,
these variables did not correlate with GAT-1-immuno-
reactive cartridge density independent of age, suggest-
ing that length of illness does not account for the dif-
ferences in GAT-1-immunoreactive cartridge density
between these two groups. Finally, decreased GAT-1-
immunoreactive cartridge density was not associated
with sex, suicide, or diagnosis of an alcohol or sub-
stance use disorder within the group of subjects with
schizophrenia, suggesting that these variables did not
affect our findings.

Influence of Antipsychotic Medications on
GAT-1-Immunoreactive Cartridge Density

Understanding the significance of decreased car-
tridge density depends on whether this decrease is inte-
gral to the pathophysiology of schizophrenia or a re-
sult of treatment of the illness. We previously reported
that the regional densities of GAT-1-immunoreactive
cartridges did not differ between normal comparison
subjects and nonschizophrenic psychotic subjects
treated with antipsychotic medications (8). These find-
ings suggested that the observed decrease in cartridge
density in schizophrenic subjects was not a conse-
quence of medical treatment. Three observations from
the present study confirm this interpretation. First, in
the schizophrenic subjects who were free of antipsy-
chotic medications at the time of death or had never re-
ceived them, average GAT-1-immunoreactive cartridge
density was less than that of their matched normal
comparison subjects across all cortical layers. Second,
cartridge density did not differ between schizophrenic
subjects on or off antipsychotic medications at the time
of death (figure 5). Third, the density of labeled car-
tridges was not decreased in the dorsolateral prefrontal
cortex of monkeys treated for 9-12 months with halo-
peridol and benztropine.

Biological Basis for Decreased GAT-1-Immunoreactive
Axon Cartridge Density

Although the decreased density of GAT-1-labeled
axon cartridges might be due to a decrease in the
number of chandelier neurons, the majority of studies
have failed to detect a decrease in the number or den-
sity of prefrontal neurons in schizophrenia (5, 15, 28,
29). Moreover, neither the density nor the laminar
distribution of neurons containing parvalbumin, a
protein present in chandelier neurons (30, 31), was al-
tered in the dorsolateral prefrontal cortex of 15
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schizophrenic subjects (triads 1-15) examined in the
present study (32).

Since the typical chandelier neuron furnishes 200-
300 cartridges (9), it is possible that the axon arbor of
these neurons is altered in schizophrenia such that each
neuron gives rise to fewer cartridges. Such a reduction
could occur in response to a decrease in the density of
pyramidal neurons, the targets of chandelier neuron
axon cartridges. However, consistent with other re-
ports (29), the density of Nissl-stained pyramidal neu-
rons in deep layer 3 was not decreased in the same 30
schizophrenic subjects examined in the present report
(33). Furthermore, the size of parvalbumin-positive
neurons, which includes the chandelier class, does not
appear to be decreased in schizophrenia (32). Since a
neuron’s somal size tends to be correlated with the to-
tal length of its axon (34, 335), these findings are not
consistent with the notion that the axon arbor of chan-
delier neurons is reduced in schizophrenia.

Finally, a decrease in GAT-1 mRNA expression in
chandelier cells could result in low (or absent) levels of
the protein in axon cartridges so that they are un-
detectable by immunocytochemical techniques. For
example, during postnatal development of primate
dorsolateral prefrontal cortex, other protein markers
for axon cartridges decline substantially (36), without
an apparent loss of terminals (37) or a change in the
number of inhibitory synapses (38). In addition, ex-
pression of the mRNA for GADg7, the synthesizing
enzyme for GABA, is reduced in schizophrenia (5),
and this change appears to be restricted to a subpopu-
lation of GABA neurons, especially those located in
the middle cortical layers (6). Together, these findings
support the interpretation that the decrease in density
of GAT-1-immunoreactive axon cartridges in schizo-
phrenia represents a diminished amount of this pro-
tein in chandelier neurons. However, further testing of
this hypothesis is necessary.

Pathophysiological Significance of Decreased
GAT-1-Immunoreactive Axon Cartridges

If the findings of the present study reflect a decrease
in GAT-1 protein in axon cartridges, then this abnor-
mality may represent a defect in chandelier cells such
that they either underexpress GAT-1 mRNA or do not
produce the GAT-1 protein or direct it to the axon ter-
minal in a normal manner. Similar to other neurotrans-
mitter membrane transporters, GAT-1 plays a central
role in regulating the magnitude of effect and duration
of action of GABA at postsynaptic sites (39, 40). Al-
though less is known about the precise function of
GAT-1, the dopamine membrane transporter appears
to be the critical determinant of the availability of
dopamine in the extracellular space (41). If GAT-1
functions similarly, then decreased GAT-1 protein in
axon cartridges would be associated with increased
GABA concentrations and enhanced inhibition at the
axon initial segment of pyramidal cells. Indeed, in the
dopamine membrane transporter knockout mouse, the
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absence of dopamine membrane transporter is associ-
ated with excess dopamine activity and a compensa-
tory down-regulation of tyrosine hydroxylase, the
rate-limiting enzyme in the synthesis of dopamine (41).
As noted above, the expression of GADg7 mRNA is de-
creased in the dorsolateral prefrontal cortex of schizo-
phrenic subjects (5), and this decrease appears to be se-
lective for a subpopulation of GABA neurons (6). By
analogy to the dopamine system, these findings suggest
that GADg7 mRNA expression, and consequently
GABA synthesis, may be down-regulated in chandelier
neurons in order to compensate for excessive GABA
activity at the axon initial segment of pyramidal cells.
The notion that decreased GAT-1 represents a “pri-
mary” defect of chandelier neurons may be supported
by the observation that both schizophrenic subjects on
medication at the time of death and haloperidol-
treated monkeys showed a trend toward an increase in
the density of GAT-1-immunoreactive axon cartridges
in the dorsolateral prefrontal cortex (figure 5). These
observations suggest that some of the beneficial effects
of antipsychotic medications may occur by reversing a
GAT-1 deficiency.

Alternatively, decreased density of GAT-1-immuno-
reactive axon cartridges in schizophrenia may reflect a
“secondary” response to altered afferent input to the
dorsolateral prefrontal cortex. For example, the num-
ber of neurons in the mediodorsal thalamic nucleus
has been reported to be decreased in schizophrenia
(42-44). Projections from this nucleus, the principal
source of excitatory thalamic afferents to the dorsolat-
eral prefrontal cortex, terminate primarily on the den-
dritic spines of pyramidal neurons in layers deep 3 and
4 (21, 22). In addition, the density of dendritic spines,
markers of excitatory inputs, is decreased on the basi-
lar dendrites of dorsolateral prefrontal cortex pyrami-
dal neurons (435, 46), especially those located in layers
deep 3 and 4 (46). Together, these findings support the
hypothesis that the excitatory thalamic drive to dorso-
lateral prefrontal cortex pyramidal cells is diminished
in schizophrenia and raise the possibility that the re-
ported decrease in dorsolateral prefrontal cortex
GADg7 mRNA expression represents a compensatory
down-regulation. For example, in primary visual cor-
tex, decreased activity in thalamic inputs produced a
decrease in GADg7 expression that was most marked
in the layers receiving these inputs (47). Although we
are not aware of any data directly addressing this is-
sue, if GAT-1 expression is co-regulated with GADg7,
our findings of a more prominent decrease in the den-
sity of GAT-1-immunoreactive cartridges, and in the
density of neurons that express GADg7 mRNA (6), in
the middle layers of the dorsolateral prefrontal cortex
in subjects with schizophrenia may represent a com-
pensation for diminished input from the mediodorsal
thalamic nucleus. Differentiating between these possi-
ble explanations for decreased GAT-1-immunoreac-
tive axon cartridges in schizophrenia may provide
further insight into the pathophysiology of the debili-
tating cognitive symptoms of this disorder.
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