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Objective: Abnormalities in dopamine neurotransmission in the prefrontal cortex have
been implicated in the pathophysiology of schizophrenia. However, the integrity of the
dopamine projections to the prefrontal cortex in this disorder has not been directly exam-
ined. Method: The authors employed immunocytochemical methods and antibodies
against tyrosine hydroxylase, the rate-limiting enzyme in dopamine biosynthesis, and the
dopamine membrane transporter to examine dopamine axons in the dorsomedial prefron-
tal cortex (area 9) from 16 pairs of schizophrenic and matched control subjects. Results:
Compared to the control subjects, the total length of tyrosine hydroxylase-immunoreactive
axons was unchanged in the superficial and middle layers of the schizophrenic subjects but
was reduced by an average of 33.6% in layer 6. The total length of tyrosine hydroxylase-
positive axons in layer 6 was decreased in 13 of the schizophrenic subjects compared to
their control subjects. Axons immunoreactive for the dopamine membrane transporter
showed a similar pattern of change. In contrast, axons labeled for the serotonin transporter
did not differ between schizophrenic and control subjects in any layer examined. In addi-
tion, the density of tyrosine hydroxylase-containing axons did not differ between monkeys
chronically treated with haloperidol and matched control animals. Conclusions: These
findings reveal that schizophrenia is associated with an altered dopamine innervation of
prefrontal cortex area 9 that is lamina- and neurotransmitter-specific and that does not ap-
pear to be a consequence of pharmacological treatment. Together, these data provide di-
rect evidence for a disturbance in dopamine neurotransmission in the prefrontal cortex of

schizophrenic subjects.
(Am J Psychiatry 1999; 156:1580-1589)

In its original formulation, the dopamine hypothesis
of schizophrenia posited that the psychotic symptoms
of this disorder were due to a hyperdopaminergic state
(1, 2). This hypothesis has undergone substantial revi-
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sions as a result of recent advances in our understand-
ing of the complexity of dopamine systems and of the
pathophysiology of schizophrenia. For example, per-
turbations of the dopamine system in schizophrenia
have been suggested to be in opposite directions in dif-
ferent brain regions (3), such that a hyperdopaminer-
gic state in subcortical structures coexists with a defi-
cit in dopamine neurotransmission in the prefrontal
cortex. The former has been proposed to account for
the psychotic symptoms, and the latter has been
proposed to contribute to the cognitive deficits and
negative symptoms, that are characteristic of schizo-
phrenia (4, 5).

The normal function of the prefrontal cortex clearly
depends on an intact dopamine innervation (6-8), and
several lines of evidence suggest that the dopamine in-
nervation of the prefrontal cortex may be abnormal in
schizophrenia. For example, schizophrenic subjects
have been shown to have altered levels of expression of
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the mRNAs for some classes of dopamine receptors in
the prefrontal cortex (9, 10). In addition, drug-naive
schizophrenic subjects were reported to exhibit a de-
creased density of dopamine Dq-like receptors in the
prefrontal cortex, and the density of receptors was di-
rectly associated with performance on a cognitive task,
the Wisconsin Card Sorting Test (11), that is depen-
dent on the function of the prefrontal cortex. This no-
tion of a hypodopaminergic state in the prefrontal cor-
tex of schizophrenic subjects is also supported by the
observation that dopamine agonists increase prefron-
tal cortex blood flow and that these metabolic changes
are associated with improved performance on the Wis-
consin Card Sorting Test (12, 13). Finally, chronic ad-
ministration of phencyclidine, which mimics some
symptoms of schizophrenia in humans, produces cog-
nitive deficits and hypofunction of prefrontal cortex
dopamine in monkeys (14). However, despite the sub-
stantial interest in the role of prefrontal cortex dopa-
mine in the pathophysiology of schizophrenia, the in-
tegrity of dopamine afferents from the mesencephalon
to the prefrontal cortex has not previously been exam-
ined in schizophrenic subjects.

We and others have previously described the dopa-
mine innervation of the primate prefrontal cortex by
using immunocytochemical methods and antibodies
directed against dopamine, the dopamine membrane
transporter, or tyrosine hydroxylase, the rate-limiting
enzyme in catecholamine biosynthesis (15-19). In both
monkeys and humans, dopamine afferents innervate
all regions of the prefrontal cortex, with labeled axons
being particularly dense in the dorsomedial region,
area 9. In the present study, we used a similar approach
to evaluate the relative density and laminar distribu-
tion of dopamine axons in postmortem specimens of
area 9 from matched pairs of schizophrenic and nor-
mal control subjects.

METHOD

Human Tissue Specimens

Postmortem tissue specimens from 32 human brains were ob-
tained during autopsies conducted at the Allegheny County Coro-
ner’s Office. Written informed consent for brain donation and
diagnostic interviews was obtained from the next of kin. These pro-
cedures were approved by the University of Pittsburgh’s Institutional
Review Board for Biomedical Research.

Neuropathological examination revealed abnormalities in four
subjects. In three (subjects 207, 213, and 313), occasional neuritic
plaques were identified in the neocortex. However, the density of the
plaques was insufficient to meet the diagnostic criteria for Alzhe-
imer’s disease, and none of the subjects had a clinical history of de-
mentia. The cause of death involved brain damage in two subjects
(subject 207: subdural hematoma in the left parietal region; subject
517: vascular malformation and hemorrhage confined to the right
temporal lobe), but no neuropathological abnormalities were de-
tected in either subject in the region of interest for this study.

Consensus DSM-III-R diagnoses were made by an independent
panel of experienced clinicians, who used information obtained
from clinical records and structured interviews with one or more
surviving relatives of each subject (20). Sixteen of the subjects had a
diagnosis of schizophrenia or schizoaffective disorder (table 1). One
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of the schizophrenic subjects (subject 234) had never been medi-
cated; three (subjects 537, 621, and 207) had not taken neuroleptics
for 10 months, 8 years, and 10 years, respectively, before death; and
another subject (subject 185) was known to have been noncompliant
with prescribed medications. The absence of medication in these
subjects was confirmed by toxicology screens conducted on all sub-
jects at the time of death. Two schizophrenic subjects (subjects 428
and 517) were being treated with the atypical antipsychotic agent
clozapine at the time of death, and the remaining nine schizophrenic
subjects were receiving typical neuroleptics.

As shown in table 1, each schizophrenic subject was matched to
one control subject for gender (the ratio of men to women was 10:6
in both groups) and race (with the exception of pair 16). Subjects
were also matched as closely as possible for age and postmortem in-
terval. The schizophrenic and control subjects did not differ in mean
age (53.8 years, SD=9.4, and 54.6 years, SD=9.2, respectively) or
postmortem interval (9.4 hours, SD=3.9, and 9.2 hours, SD=4.7, re-
spectively). One control subject (subject 245) had a history of alco-
hol dependence. The remaining 15 control subjects had no known
neurological, psychiatric, or substance abuse histories.

Tissue Preparation and Immunocytochemical Procedures

The left frontal lobe of each brain was cut into 1.0-cm-thick
coronal blocks. Blocks were immersed in cold 4% paraformalde-
hyde in phosphate buffer for 48 hours and then stored in a cryo-
protectant at —=30°C (20). Mean tissue storage time in cryopro-
tectant did not significantly differ between schizophrenic (51.0
months, SD=21.9) and control (43.4 months, SD=28.9) subjects. In
addition, previous studies have demonstrated that tissue storage
under these conditions does not alter immunoreactivity for the an-
tigens examined in this study (21). Blocks were sectioned coronally
at 40 pm, and every 10th section was stained for Nissl substance
with thionin. These sections were used to identify the location of
area 9 on the superior frontal gyrus through use of the cytoarchi-
tectonic criteria (20).

Floating tissue sections were processed for tyrosine hydroxylase
or serotonin transporter immunoreactivity by using the avidin-biotin
procedure and the Vectastain ABC Elite kit (Vector Laboratories,
Burlingame, Calif.), as previously described (22), or for dopamine
membrane transporter immunoreactivity by using a modification of
the biotin amplification procedure (23). Tissue sections from each
matched pair of schizophrenic and control subjects were always pro-
cessed together. All slides were coded to conceal the subject number
and diagnosis. The following antibodies were used in this study. 1)
An affinity-purified sheep IgG1 antibody (supplied by Dr. J. Hay-
cock, Louisiana State University, New Orleans), raised against ty-
rosine hydroxylase purified from rat pheochromocytoma (24), was
used at a concentration of 0.7 pg/ml. 2) A rat antibody (Chemicon,
Temecula, Calif.), raised against a fusion protein containing the N-
terminus of the human dopamine membrane transporter protein
(25), was used at a dilution of 1:2,000. 3) A rabbit antibody, raised
against a fusion protein containing the carboxy-terminus of the hu-
man serotonin transporter (provided by Dr. Randy Blakely, Vander-
bilt University, Nashville, Tenn.), was used at a dilution of 1:10,000.
The specificity of each antibody has been demonstrated in immuno-
blot, immunoprecipitation, and immunocytochemical studies (19,
26-28).

Pharmacological Treatment and Tissue Preparation in Monkeys

To assess the possible influence of antipsychotic medications on
the measures of interest in the human studies, we studied four male
cynomolgus (Macaca fascicularis) monkeys, each of whom was
treated chronically with the typical antipsychotic agent haloperidol
decanoate, and four control animals matched for sex, age, and
weight. Animals were stabilized with daily doses of haloperidol that
produced 8-hour trough serum concentrations of 4-8 ng/ml, and
then that dose was multiplied by 15 to obtain the dose of haloperidol
decanoate to be administered intramuscularly every 4 weeks. The
mean dose of haloperidol decanoate was 16.0 mg/kg (SD=2.1).
Trough serum levels obtained just before the next dose averaged 4.3
ng/ml (SD=1.1); these levels have been shown to be associated with
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TABLE 1. Characteristics of Schizophrenic and Matched Normal Control Subjects in Postmortem Study

Schizophrenic Subjects

Age Postmortem Storage Time
Pair Case DSM-II-R Diagnosis Sex (years) Interval (hours) Race (months) Cause of Death
1 207 Chronic undifferentiated schizophrenia? M 72 3.8 White 65.0 Subdural hematoma
2 317 Chronic undifferentiated schizophrenia M 48 8.3 White 48.0 Broncho-pneumonia
3 322 Chronic undifferentiated schizophrenia M 40 8.5 White 47.6 Suicide by combined drug
overdose
4 377 Chronic undifferentiated schizophrenia? M 52 10.0 White 39.3 Gastrointestinal bleeding
5 398 Schizoaffective disorder F 41 10.3 White 33.9 Pulmonary embolism
6 422 Chronic paranoid schizophrenia M 54 11.0 White 27.9 Atherosclerotic coronary
vascular disease
7 428 Schizoaffective disorder® F 67 9.0 White 25.8 Chronic obstructive
pulmonary disease
8 131 Chronic undifferentiated schizophrenia® M 62 3.9 Black 101.2 Pneumonia
9 185 Chronic undifferentiated schizophrenia®® M 64 8.6 White 87.2 Atherosclerotic coronary
vascular disease
10 517 Chronic disorganized schizophreniaP® F 48 3.7 White 221 Intracerebral hemorrhage
11 341 Chronic undifferentiated schizophrenia® F a7 145 White 65.2 Suicide by chlorpromazine
overdose
12 537 Schizoaffective disorder? F 37 145 White 19.8 Suicide by hanging
13 234 Chronic paranoid schizophrenia® M 51 12.8 White 80.5 Cardiomyopathy
14 621 Chronic undifferentiated schizophrenia? M 83 16.0 White 9.8 Accidental asphyxiation
15 640 Chronic paranoid schizophrenia M 49 5.2 White 7.4 Pulmonary embolism
16 597 Schizoaffective disorder F 46 10.1 White 14.1 Pneumonia

a Subject was not taking antipsychotic medication at time of death.

CAlso met the criteria for alcohol abuse, in remission, at time of death.

b Also met the criteria for alcohol dependence, current, at time of death.%Also met the criteria for alcohol abuse, current, at time of death.

a therapeutic response in humans (29). Consistent with our attempt
to mimic the clinical model of neuroleptic threshold dosing (30), all
haloperidol-treated animals developed extrapyramidal symptoms
that were effectively controlled with maintenance administration of
benztropine mesylate. After 9-12 months of treatment, each animal
was euthanized with an overdose of pentobarbital, and the brain
was removed. Following a 45-minute postmortem interval, coronal
tissue blocks from the left hemisphere were fixed by immersion in
4% paraformaldehyde and processed for tyrosine hydroxylase im-
munocytochemistry in a manner identical to that described earlier
for the human subjects. All procedures were approved by the Univer-
sity of Pittsburgh’s Institutional Animal Care and Use Committee.

Qualitative and Quantitative Assessments of Tyrosine
Hydroxylase-, Dopamine Membrane Transporter-,
and Serotonin Transporter-Labeled Axons

Coded sections from matched pairs of human and monkey sub-
jects were independently examined by three investigators (M.A.,
D.A.L., and J.N.P.) who were blind to subject number and group.
Qualitative assessments of the relative density and laminar distribu-
tion of tyrosine hydroxylase-, dopamine membrane transporter-,
and serotonin transporter-immunoreactive axons were rated for
each subject, and differences, if evident, were used to rank order sub-
jects within a pair. Assessments of three-way interrater agreement
(Light’s kappa estimates [31]) for the four sets of comparisons were
as follows: tyrosine hydroxylase-immunoreactive axons in humans,
0.88; dopamine membrane transporter-immunoreactive axons in
humans, 0.83; serotonin transporter immunoreactive axons in hu-
mans, 0.79; and tyrosine hydroxylase-immunoreactive axons in
monkeys, 1.0. For the small number of cases in which the raters’ in-
dependent assessments did not agree, slides were reviewed together
in order to achieve consensus.

Quantitative studies were conducted by investigators (R.E.W.,
C.L.E., and C.M.) who were blind to subject number and group and
who had not previously examined the tissue sections. Because the
density of dopamine axons has previously been shown to be greater
in medial than lateral area 9 (15, 16), quantitative studies were fo-
cused on the portion of area 9 located on the medial surface of the
superior frontal gyrus. To obtain quantitative measures of axon
length in the same laminar locations across brains, measurements of
the distance from the pial surface to the borders of layers 1-2, 3-4,
and 6-white matter were determined on the Nissl-stained sections
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from each brain. The ratios of the depth of each laminar border to
the total cortical thickness were then used to identify the same bor-
ders in the adjacent sections processed for immunocytochemistry. In
order to examine the laminar specificity of any changes in dopamine
axons in schizophrenia, we sampled cortical layers 1, deep 3, and 6.
These layers were selected for analysis because they contain the high-
est densities of dopamine axons in monkeys and humans (15-18)
and because the substantial differences in the extrinsic connectivity
of these three layers provide a means for interpreting the possible
functional significance of any laminar-specific alterations in dopa-
mine innervation.

Square sampling frames (10,000 um?2) were randomly placed in
each of these three laminar locations on each tissue section with one
axis of the sampling frame oriented parallel to the pial surface.
Labeled processes were visualized under brightfield optics at a mag-
nification of 600x%, and the Eutectic Neuron Reconstruction System
was used to reconstruct in three dimensions all labeled processes.
The summed length of all reconstructed axons (total axon length) in
each frame was determined and expressed as pm axon length/
10,000 um2. These procedures have been previously used to charac-
terize differences in tyrosine hydroxylase- and dopamine membrane
transporter-immunoreactive axons across experimental conditions
in animals, and they have been externally validated by comparisons
with biochemical measures in both developmental and lesion stud-
ies (21, 32, 33). Similar procedures were used in both human and
monkey studies. The adequacy of the sampling procedures was as-
sessed by calculations of the coefficient of error across sampling
frames within each layer of each subject. The mean coefficient of er-
ror was 0.20 (SD=0.11) for the human studies and 0.07 (SD=0.04)
for the monkey studies.

Statistical Analyses

For the human studies, the sample frames yielded three identifi-
able measurements in each of the three laminar locations on each tis-
sue section. For the statistical analyses of axon length, the response
variable was treated as a three-variate, multivariate observation of
axon length. Within each laminar location, multivariate analysis of
variance (MANOVA) was employed to analyze the multivariate
axon length variable. The main effect in this MANOVA was the di-
agnosis variable (indicating whether the subject was schizophrenic
or control), with blocking on the pairing of subjects and controlling
for the covariates age, postmortem interval, and tissue storage time.
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Control Subjects

Age Postmortem Storage Time

Case Sex (years) Interval (hours) Race (months) Cause of Death

200 M 79 3.8 White 65.7 Trauma

344 M 50 6.8 White 45.1 Atherosclerotic coronary vascular disease
395 M 42 12.3 White 34.3 Pericardial tamponade

2450 M 46 6.3 White 58.7 Trauma

253 F 46 45 White 56.7 Trauma

178 M 48 7.8 White 68.5 Atherosclerotic coronary vascular disease
390 F 72 11.0 White 36.3 Atherosclerotic coronary vascular disease
270 M 62 3.3 Black 74.6 Atherosclerotic coronary vascular disease
313 M 60 11.0 White 68.6 Atherosclerotic coronary vascular disease
449 F 47 43 White 36.7 Accidental carbon monoxide poisoning
452 F 40 14.3 White 36.3 Atherosclerotic coronary vascular disease
567 F 46 15.0 White 14.6 Mitral valve prolapse

451 M 48 12.0 White 36.4 Atherosclerotic coronary vascular disease
213 M 83 19.0 White 88.2 Tuberculosis

278 M 50 4.5 White 78.0 Atherosclerotic coronary vascular disease
575 F 55 11.3 Black 17.5 Atherosclerotic coronary vascular disease

The resulting F test for diagnosis compared schizophrenic and con-
trol subjects on the basis of the axon length measures, resulting in
the F statistic having three degrees of freedom in the numerator. The
same MANOVA model was used to assess the possible effects of the
covariates beyond that controlled by pairing. Data summaries of
axon length are based on the mean of the measures within each lam-
inar location for each subject. For the monkey studies, paired t tests
were used to assess differences between control and haloperidol-
treated animals.

RESULTS

Tyrosine Hydroxylase- and Dopamine Membrane
Transporter-Immunoreactive Axons in the Prefrontal Cortex
of Schizophrenic and Control Subjects

Qualitative analyses conducted by investigators who
were blind to diagnosis for each pair of subjects re-
vealed that each control subject exhibited the regional
and laminar patterns of distribution of tyrosine hy-
droxylase-immunoreactive axons characteristic of area
9 (15, 18), although the overall density of labeled ax-
ons differed across subjects. In 10 of the schizophrenic
subjects, the density of tyrosine hydroxylase-immuno-
reactive axons was clearly reduced relative to that of
their matched control subjects, and in some cases, this
reduction was quite striking (figure 1, parts A and B).
In four of these schizophrenic subjects, the reduction in
density of tyrosine hydroxylase-immunoreactive axons
was present across all cortical layers, whereas in the
other six subjects, the difference was evident only in
the deep layers. Two of the schizophrenic subjects
appeared to have an increase in tyrosine hydroxylase-
immunoreactive axon density, and the remaining four
subjects were judged to be similar to their matched
control subjects.
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Although the intensity of axon labeling was usually
less robust with the dopamine membrane transporter
antlbody than with the tyrosine hydroxylase antibody
in the same subject, the overall patterns of regional and
laminar distribution of labeled axons were the same
with both antibodies. Compared to control subjects,
the density of dopamine membrane transporter-immu-
noreactive axons was rated as decreased in 10 schizo-
phrenic subjects, increased in one, and unchanged in
five. In some schizophrenic subjects, the decrease in
density of dopamine membrane transporter-immunore-
active axons was marked, especially in the deep layers
(figure 2). With one exception, the difference in dopa-
mine membrane transporter-immunoreactive axon den-
sity between a matched pair of subjects paralleled the
difference in tyrosine hydroxylase-immunoreactive
axon density.

Quantitative Analysis of Tyrosine Hydroxylase-
Immunoreactive Axons in Schizophrenic
and Control Subjects

To determine the magnitude of these differences, we
measured the innervation density of tyrosine hydroxy-
lase-immunoreactive axons because of the higher qual-
ity of labeling obtained with the anti-tyrosine hydrox-
ylase antibody. The mean total length of tyrosine
hydroxylase-immunoreactive axons in medial area 9
was decreased by 10.8% and 13.8% in layers 1 and 3,
respectively, of the schizophrenic subjects compared to
the control subjects (figure 3). However, these differ-
ences in layers 1 and 3 did not achieve statistical signif-
icance (F=0.74 and 1.45, respectively, df=3, 10,
p>0.30, MANOVA). In contrast, mean total axon
length (per 10,000 pm2) in layer 6 of the schizophrenic
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FIGURE 1. Dark-Field Photomicrographs of Tyrosine Hydroxylase-Immunoreactive (A, B) and Serotonin Transporter-lmmuno-
reactive (C, D) Axons in Prefrontal Cortex Area 9 From a Schizophrenic (B, D) and Matched Control (A, C) Subject in Postmortem
Study?

Tyrosine Hydroxylase Serotonin Transporter

aPair 7; see table 1. Note the marked decrease in the density of tyrosine hydroxylase-immunoreactive axons across all cortical layers in the
schizophrenic subject compared to the matched control subject, whereas the density of serotonin transporter-immunoreactive axons in
adjacent sections does not appear to differ between subjects. Numerals indicate cortical layers, and WM indicates white matter. Calibra-
tion bar=200 pum and applies to all panels.

EIGURTE 2. Darl:-FiIeId Photomi;:_rog;aphs QfIEOfpamtinleCMetm- subjects was significantly decreased, by 33.6%, com-
e e e ore TSN Corel pred 0 the matchod control subjcts (276, SD-
Subject (B)? 206.4, and 416.3 pm, SD=174.0, respectively) (F=
5.23, df=3, 10, p=0.02, MANOVA). Comparison of
individual matched pairs of subjects revealed that in 13
of the 16 schizophrenic subjects, the mean total axon
length in layer 6 was less than that in the matched con-

trol subjects (figure 4).

Serotonin Transporter-Immunoreactive Axons in Prefrontal
Cortex of Schizophrenic and Control Subjects

In order to determine whether this reduction in the
relative density of labeled axons in layer 6 of schizo-
phrenic subjects was specific to dopamine axons or rep-
resentative of a more generalized alteration in monoam-
ine-containing afferents to the prefrontal cortex, we
examined serotonin transporter-immunoreactive axons
in the same 16 pairs of subjects. Both the relative density
and laminar distribution of these fibers appeared unal-
& Pair 3; see table 1. Numerals indicate cortical layers, and WM in- tered in schizophrenic subjects. For example, qualitative

dicates white matter. Calibration bar=200 pm. evaluations did not reveal any apparent differences in
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FIGURE 3. Mean Total Length of Tyrosine Hydroxylase-Immu-
noreactive Axons in Layers 1, 3, and 6 of Prefrontal Cortex
Area 9 in Schizophrenic and Control Subjects in Postmortem
Study?@

1 Il Control (N=16)
400 [l Schizophrenic (N=16)

w
o
o

Total Axon Length ( p/10,000 m )?
N
o
o
1

1 3 62
Cortical Layer

aF=5.23, df=3, 10, p=0.02 (MANOVA).

serotonin transporter-immunoreactive axons between
the same matched pair of schizophrenic and control
subjects (figure 1, parts C and D) that showed a marked
reduction in tyrosine hydroxylase-immunoreactive ax-
ons (figure 1, parts A and B). Quantitative studies con-
firmed that the total length of serotonin transporter-
immunoreactive axons did not differ between the
schizophrenic and control subjects in any layer (F=0.56,
df=3, 10, p>0.40). In layer 6, the mean total length of
serotonin transporter-immunoreactive axons for each
schizophrenic subject was within the range of that of all
control subjects (figure 5, part B), whereas for eight of
the schizophrenic subjects, mean total length of tyrosine
hydroxylase-immunoreactive axons was lower than
that of all control subjects (figure 5, part A). It should
also be noted that the total length of serotonin trans-
porter-immunoreactive axons was less than that of ty-
rosine hydroxylase-immunoreactive axons in the con-
trol subjects (figure 5). This finding is consistent with
previous comparisons of the relative density of dopa-
mine and serotonin axons in medial area 9 of the pri-
mate prefrontal cortex (34).

Assessment of Influence of Other Variables

Each schizophrenic subject was matched to a control
subject to minimize the possible influence of gender,
race, age, and postmortem interval on the measures of
interest. When the pairing of subjects is taken into ac-
count, there were no significant effects of these vari-
ables, or of tissue storage time, on any measures of
axon length. Correlational analyses also failed to detect
any association between the magnitude of the decrease
in tyrosine hydroxylase-immunoreactive axons in layer
6 of the schizophrenic subjects and age at onset or du-
ration of illness (r<0.056, df=1, 14, p>0.84).
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FIGURE 4. Percent Difference in Total Length of Tyrosine Hy-
droxylase-Immunoreactive Axons in Layer 6 of Prefrontal Cor-
tex Area 9 for Each of 16 Matched Pairs of Schizophrenic and
Control Subjects?

._.
a
<} 3
PR T A R S S R |

Percent Difference
o
l

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Pair

aPair numbers are the same as those used in table 1. Note that the
total length of tyrosine hydroxylase-immunoreactive axons is re-
duced in 13 of the schizophrenic subjects. Bars above 0 indicate
pairs in which total axon length was increased in schizophrenic
subjects, and bars below 0 indicate pairs in which total axon
length was reduced in schizophrenic subjects relative to the
matched control subjects.

As shown in figure 6, total length of tyrosine hy-
droxylase-immunoreactive axons in layers 1, 3, and 6
did not differ between monkeys treated chronically
with the antipsychotic agent haloperidol and their
matched control subjects.

DISCUSSION

The results of this study demonstrate a significant re-
duction in the relative density of axons immunoreactive
for tyrosine hydroxylase and dopamine membrane
transporter, two proteins that play a critical role in
dopamine neurotransmission, in layer 6 of prefrontal
cortex area 9 in subjects with schizophrenia. In contrast,
cortical afferents immunoreactive for the serotonin
transporter, a central protein in serotonin neurotrans-
mission, did not differ between schizophrenic and con-
trol subjects. Furthermore, chronic treatment with halo-
peridol and benztropine did not alter the density of
tyrosine hydroxylase-immunoreactive axons in the
monkey prefrontal cortex; this suggests that our find-
ings are not likely to be a consequence of the typical
treatments used in schizophrenic subjects. Together,
these findings provide evidence that the pathophysiol-
ogy of schizophrenia includes a lamina- and neurotrans-
mitter-specific alteration in the dopamine innervation of
the prefrontal cortex.

Specificity of Alterations to Dopamine Innervation
of the Prefrontal Cortex in Schizophrenia

The dopamine membrane transporter and tyrosine
hydroxylase antibodies used in this study have both
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FIGURE 5. Mean Total Length of Tyrosine Hydroxylase-Immu-
noreactive (A) and Serotonin Transporter-lmmunoreactive (B)
Axons in Layer 6 of Prefrontal Cortex Area 9 in Schizophrenic
and Control Subjects?
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Tyrosine Hydroxylase Serotonin Transporter

aHorizontal lines indicate group means. Note that the total length
of tyrosine hydroxylase-immunoreactive axons is decreased in
the schizophrenic subjects compared to control subjects,
whereas the total length of serotonin transporter-immunoreactive
axons does not differ across groups.

been shown to specifically label dopamine axons in the
primate neocortex. The mRNA for the dopamine mem-
brane transporter is expressed selectively in dopamine
neurons, and the protein is confined to the cell bodies,
dendrites, and axonal projections of these neurons
(25). Although tyrosine hydroxylase is expressed in all
catecholamine-containing neurons, multiple lines of ev-
idence indicate that antibodies against tyrosine hydrox-
ylase predominantly label dopamine axons in the pri-
mate neocortex (22). In both monkeys and humans, the
distribution and morphology of cortical tyrosine hy-
droxylase-immunoreactive axons differ from those of
axons immunolabeled for dopamine-beta-hydroxylase,
a marker of noradrenergic structures (18, 35), and few
cortical axons exhibit both tyrosine hydroxylase and
dopamine-beta-hydroxylase immunoreactivity (36,
37). In contrast, direct comparisons of tyrosine hydrox-
ylase-immunoreactive axons and those labeled with an
anti-dopamine antibody revealed identical patterns of
distribution in the monkey cortex (17, 37), and over
95% of all tyrosine hydroxylase-immunoreactive ax-
ons in the monkey prefrontal cortex are also dopamine
membrane transporter-immunoreactive (19).

1586

FIGURE 6. Mean Total Length of Tyrosine Hydroxylase-Immu-
noreactive Axons in Layers 1, 3, and 6 of the Prefrontal Cortex
in Haloperidol-Treated and Matched Control Monkeys?
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2 Group values did not differ in any layer (t<0.89, df=3, p>0.44, two-
tailed test).

While our findings of a reduced density of tyrosine
hydroxylase- and dopamine membrane transporter-
immunoreactive axons are indicative of an alteration
in dopamine afferents, they do not preclude the possi-
bility of a concomitant reduction in other afferent sys-
tems to the prefrontal cortex in schizophrenia. Indeed,
the magnitude of the reported decrease in synapto-
physin (20, 38), a marker of axon terminals, in the pre-
frontal cortex of schizophrenic subjects cannot be ac-
counted for solely by reductions in dopamine afferents.
However, the absence of a difference between schizo-
phrenic and control subjects in serotonin transporter-
immunoreactive axons in the present study indicates
that the observed change in dopamine axons does not
reflect a nonspecific alteration in all monoaminergic
projections to the prefrontal cortex in schizophrenia.
These observations are also consistent with previous
radioligand binding studies that found similar levels of
serotonin uptake sites in the prefrontal cortex of
schizophrenic and control subjects (39, 40).

Specificity of Alterations to the Disease Process
of Schizophrenia

Several lines of evidence suggest that the findings of
this study directly reflect the pathophysiology of the
disease process and do not represent an epiphenome-
non of its treatment or other factors. The absence of a
change in serotonin transporter-immunoreactive axons
in concert with the laminar-specific reduction in
dopamine axons argues against the possibility that the
present findings are a consequence of differences in the
quality of the tissue between the two groups of sub-
jects. In addition, previous investigations that included
many of the subjects in the present study failed to find
differences between the schizophrenic and control sub-
jects in other immunocytochemical markers (41, 42).
Most of the schizophrenic subjects included in the
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present study, but none of the control subjects, had
been treated at some point in their lives with anti-
psychotic agents. However, the available evidence sug-
gests that our findings are not the result of treatment
with these agents, or of the anticholinergic drugs that
are frequently used to treat the side effects of anti-
psychotic medications. First, our study included one
schizophrenic subject who was never medicated and
four subjects who were not receiving medications at
the time of death. In each of these subjects, the density
of tyrosine hydroxylase-immunoreactive axons in
layer 6 was reduced compared to that in the matched
control subjects (see pairs 1, 9, and 12-14 in figure 4).
Second, chronic treatment of monkeys with haloperi-
dol and benztropine did not alter the relative density of
tyrosine hydroxylase-immunoreactive axons in the
prefrontal cortex. The absence of an effect of anti-
psychotic medications on the measures used in this
study is supported by a recent report that chronic ha-
loperidol administration in the rat did not affect ty-
rosine hydroxylase immunoreactivity in neurons of the
mesocortical dopamine system, although it did de-
crease tyrosine hydroxylase immunoreactivity in the
nigrostriatal system (43).

The possible influence of other clinical factors fre-
quently associated with schizophrenia on tyrosine hy-
droxylase and dopamine membrane transporter immu-
noreactivity must also be considered. In the present
study, six of the schizophrenic subjects had a history of
alcohol abuse or dependence (table 1). However, nine
of the 10 schizophrenic subjects without any history of
alcohol abuse or dependence also had a reduced den-
sity of tyrosine hydroxylase-immunoreactive axons in
layer 6 compared to the matched control subjects
(compare table 1 and figure 4). In addition, in one of
the pairs of subjects (pair 4 in table 1 and figure 4),
both the schizophrenic and the control subject had a
history of alcohol dependence, and yet the density of
tyrosine hydroxylase-immunoreactive fibers was still
decreased in the schizophrenic subject.

Pathophysiological Significance

The finding of a relative decrease in innervation den-
sity of both tyrosine hydroxylase- and dopamine mem-
brane transporter-immunoreactive axons in the pre-
frontal cortex of schizophrenic subjects suggests that
either 1) the concentrations of both proteins are re-
duced in a subpopulation of dopamine axons, such
that these axons are no longer detectable by immuno-
cytochemical techniques, or 2) the dopamine axons
containing these proteins are decreased in number. Al-
though the first possibility cannot be excluded, we are
not aware of any data that would directly support this
interpretation. On the other hand, a reduced number
of cortical dopamine axons might be expected to be as-
sociated with alterations in the dopamine neurons of
the ventral tegmental area, which furnish many of the
dopamine afferents to the prefrontal cortex. In the
only study that has examined dopamine neurons in
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schizophrenic subjects, the number of neuromelanin-
containing cells in the medial mesencephalon was re-
ported to be decreased by 16%, although this differ-
ence was not significant (44). However, the somal vol-
ume of pigmented neurons was significantly reduced in
the schizophrenic subjects. The latter findings could re-
flect a reduction in the size of the axon arbor of corti-
cally projecting dopamine neurons, since somal size
and total axon length tend to be positively correlated
(45, 46).

Either reduced amounts of tyrosine hydroxylase and
dopamine membrane transporter in dopamine axons
or the presence of fewer dopamine axons could be as-
sociated with diminished dopamine neurotransmission
in the prefrontal cortex of schizophrenic subjects. This
possibility is consistent with the interpretation of other
studies (see introduction) suggesting that schizophre-
nia is associated with a hypodopaminergic state in the
prefrontal cortex. In addition, animal studies suggest
that even relatively modest reductions in the density of
dopamine axons in the prefrontal cortex can be associ-
ated with a substantial decrease in indices of dopamine
neurotransmission. For example, in contrast to the
nigrostriatal dopamine system in which residual dopa-
mine terminals can compensate for the loss of the ma-
jority of axons in this projection (47), partial lesions of
the dopamine mesocortical projection result in signifi-
cantly decreased extracellular levels of dopamine in the
prefrontal cortex (33). We do not know whether the
magnitude of the decrease in prefrontal cortex dopa-
mine axons observed in the present study of schizo-
phrenia is sufficient to produce the types of cognitive
impairments previously associated with reductions of
prefrontal cortex dopamine in nonhuman primates (6—
8). However, the similarities in cognitive deficits ob-
served in these animal studies and in subjects with
schizophrenia (48) suggest that the decrease in markers
of prefrontal cortex dopamine axons observed in the
present study could contribute to prefrontal cortex
dysfunction in schizophrenia.

On the other hand, our findings of decreased tyro-
sine hydroxylase- and dopamine membrane trans-
porter-immunoreactive axons do not necessarily pro-
vide evidence for a hypodopaminergic state in the
prefrontal cortex of schizophrenic subjects. In fact, the
complete absence of dopamine membrane transporter
and reductions of 90% in tyrosine hydroxylase levels
are associated with a markedly hyperdopaminergic
state in the dopamine membrane transporter knockout
mouse (49). Some studies have indicated that prefron-
tal cortex function may be impaired by either a defi-
ciency or an excess of stimulation at prefrontal cortex
dopamine Dy receptors (7, 50-52). Layer 6 of the pri-
mate prefrontal cortex contains a high density of
dopamine Di-like receptors (53), and the density of
these receptors has been reported to be decreased in
drug-naive schizophrenic subjects (11). Since the
symptoms of schizophrenia are frequently worsened
by stress, which increases prefrontal cortex dopamine
release (54), it is possible that decreases in pre- and
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postsynaptic dopamine markers in the prefrontal cor-
tex represent a homeostatic response to minimize the
impact of excessive levels of prefrontal cortex dopa-
mine induced by environmental stress.

Although our findings reveal a lamina- and neuro-
transmitter-specific alteration in the dopamine inner-
vation of the prefrontal cortex, other data suggest that
these changes are likely to represent only one com-
ponent of a more extensive set of alterations in pre-
frontal cortex circuitry in schizophrenia. For example,
imaging and postmortem studies suggest that the me-
diodorsal thalamic nucleus, which furnishes the prin-
cipal thalamic projection to the prefrontal cortex, may
be reduced in size and contain fewer neurons in sub-
jects with schizophrenia (55, 56). In addition, findings
from other studies support the notion that the tha-
lamic projections to the middle layers of the prefrontal
cortex are decreased in schizophrenia (57, 58). Inter-
estingly, the feedback projections from the prefrontal
cortex to the mediodorsal thalamus originate from
pyramidal neurons located in layers 5 and 6 (59), and
the prefrontal cortex projections to the mediodorsal
thalamus appear to play a prominent role in regulat-
ing thalamic activity (see reference 60 for a review).
Since the dendritic shafts and spines of pyramidal cells
are the principal synaptic target of dopamine axon
terminals (61), and dopamine appears to play a criti-
cal role in regulating the influence of other inputs on
pyramidal cell activity (62, 63), a shift in dopamine
neurotransmission in prefrontal cortex layer 6 could
reflect a change in the modulation of corticothalamic
feedback in response to abnormal thalamocortical
drive in schizophrenia.
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