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Selective Alterations in Ionotropic Glutamate 
Receptors in the Anterior Cingulate Cortex 
in Schizophrenia

 

Katerina Zavitsanou, Ph.D., Philip B. Ward, B.Med.Sc., Ph.D., and Xu-Feng Huang, M.D., Ph.D.

 

The anterior cingulate cortex is a brain area of potential 
importance to our understanding of the pathophysiology of 
schizophrenia. Previous studies suggest abnormalities in 
the glutamatergic neurotransmission in the anterior 
cingulate cortex in schizophrenia patients. In the present 
study we used quantitative autoradiography to investigate 

 

the binding of [

 

3

 

H]MK801, [

 

3

 

H]L-

 

�

 

-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA), and 
[

 

3

 

H]kainate, which respectively label the N-methyl-D-
aspartate (NMDA), AMPA, and kainate receptors of the 
ionotropic glutamate receptor family, in the left anterior 
cingulate cortex of 10 schizophrenia patients and 10 
controls, matched for age, gender, and postmortem interval.

AMPA receptor densities were higher in cortical layer II, 
whereas NMDA receptor densities were higher in cortical 
layers II–III in the anterior cingulate cortex of both control and 
schizophrenia group. In contrast, kainate receptors displayed 
the highest density in cortical layer V. [

 

3

 

H]AMPA binding 

was significantly increased by 25% in layer II in the 
schizophrenia group as compared with the control group. 
Similarly, a significant 17% increase of [

 

3

 

H]MK801 binding 
was observed in layers II–III in the schizophrenia group. No 
statistically significant difference was observed for [

 

3

 

H] kainate 
binding between the schizophrenia and control groups.

These results suggest that ionotropic glutamate receptors 
are differentially altered in the anterior cingulate region in 
schizophrenia. The increase in [

 

3

 

H]AMPA and [

 

3

 

H]MK801 
binding in the superficial layers suggests a postsynaptic 
compensation for impaired glutamatergic 
neurotransmission in the anterior cingulate cortex in 
schizophrenia. The findings add to a growing body of 
literature that supports a dysfunction of excitatory activity 
in the anterior cingulate cortex in schizophrenia.

 

[Neuropsychopharmacology 27:826–833, 2002]
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Glutamate is the primary excitatory neurotransmitter
in the human brain. Excitatory synaptic activity con-
veyed by glutamate is mediated by three pharmacologi-
cally defined subtypes of ionotropic glutamate receptors:
N-methyl-D-aspartate (NMDA), D, L-

 

�

 

-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) and kainate.
The NMDA receptor comprises two subunits that are
coded by genes designated NR1 and NR2A-D. Non-
NMDA glutamate receptor subunits comprise GluR1–4,
which are AMPA-preferring, and GluR5–7, KA1 and
KA2, which are kainate preferring (Hollmann and Hei-
nemann 1994).

Pharmacological and biochemical data have sug-
gested deficiency in glutamatergic transmission in schizo-
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phrenia. Low concentrations of glutamate have been
reported in cerebrospinal fluid samples from schizo-
phrenic patients (Kim et al. 1980); however, the most
convincing evidence of the glutamate hypofunction hy-
pothesis of schizophrenia is based on the fact that phen-
cyclidine (PCP), a psychotomimetic drug that blocks
the NMDA receptor, produces a syndrome that appears
similar to schizophrenia (Javitt and Zukin 1991). PCP
binds to a site in the ion channel which is gated by the
NMDA-type glutamate receptor (Reynolds and Miller
1990). PCP and other NMDA channel blockers, such as
MK-801 and ketamine, act as a non-competitive antago-
nists of glutamate-mediated ion conductances. Hence,
PCP psychosis is thought to be the result of reduced
NMDA receptor function.

Although it is usually the NMDA receptor that is im-
plicated in schizophrenia, disturbances of any of the
glutamate receptors could result in a condition that pro-
duces the appearance of an abnormally functioning
NMDA receptor. For example, NMDA receptors are
blocked by magnesium at physiological concentrations,
and AMPA receptor-mediated depolarization of the
membrane extrudes magnesium from the NMDA re-
ceptor complex (Reynolds and Miller 1990). Therefore,
a pathological change in the function of non-NMDA re-
ceptors may affect the NMDA receptor.

Given the possibility of glutamate receptor dysfunc-
tion in schizophrenia, the expression of ionotropic
glutamate receptors has been studied in post-mortem
brain of schizophrenia patients and abnormalities in
glutamate receptors have been reported in many brain
areas (reviewed by Meador-Woodruff and Healy 2000;
see also Deakin and Simpson 1997). Some of these re-
ports have not been replicated and have been done pri-
marily in membrane preparations. These studies illus-
trate that the occurrence and nature of glutamate
receptor abnormalities in schizophrenia can differ be-
tween brain regions.

The anterior cingulate cortex (ACC; Brodmann’s
area 24) is localized within a gyrus on the media surface
of each hemisphere, bordering on the corpus callosum.
It receives projections from the amygdala (Vogt and
Pandya 1987), thalamus (Vogt et al. 1979) and hippo-
campus (Vogt et al. 1979; Tamminga et al. 2000), possi-
bly excitatory in nature. Abnormalities in glutamatergic
neurotransmission have been reported in the ACC in
schizophrenia. Recent studies using post-mortem hu-
man ACC indicate a dramatic increase in vertical
glutamatergic axons in the superficial layers of ACC in
schizophrenia (Benes 2000) and imaging studies sug-
gest impaired activation of ACC in patients with
schizophrenia during performance tasks, which could
be attributed to a reduced efferent glutamatergic signal
from the hippocampus to ACC (see Tamminga et al.
2000 for a review). In addition, there is a growing evi-
dence indicating abnormalities in other neurotransmit-

ter systems in the ACC in schizophrenia including
dopamine, GABA, and serotonin, that could contribute
to an abnormal excitatory activity in this brain area
(Benes 2000; Zavitsanou and Huang 2002).

Since a disturbed balance in the excitatory neu-
rotransmission is suggested to occur in the ACC in
schizophrenia, the present study has focused on the
analysis of the binding of [

 

3

 

H]MK801, [

 

3

 

H]AMPA and
[

 

3

 

H]kainate, radioligands which respectively label the
NMDA, AMPA and kainate receptors of the ionotropic
glutamate receptor family, in the ACC of schizophrenia
using quantitative autoradiography.

 

MATERIALS AND METHODS

Postmortem Brain Tissue

 

Human brain tissue was obtained from the New South
Wales Tissue Resource Centre. The use of human tissue
was approved by the University of Wollongong Re-
search Ethics Committee (Approval No. HE99/222).
Cases were excluded where there was a significant his-
tory of drug or alcohol abuse (that would meet diagnos-
tic criteria according to DSM IIIR or IV), neurologic dis-
order or medical illness that may influence agonal state,
any abnormality on neuropathological examination, or
head injury or where the post-mortem interval ex-
ceeded 48 h. Ten cases without any documented history
of psychiatric disorders and ten cases with a diagnosis
of schizophrenia, matched for age, gender and post-
mortem interval, were used in this study.

The diagnosis of schizophrenia was confirmed after
review of all available medical records. From this re-
view a treatment summary was constructed. Two in-
struments designed for use with medical records were
then used on the information obtained to confirm the
diagnosis: The Item Group Checklist of the Schedules
for Clinical Assessment in Neuropsychiatry (SCAN,
Jablensky et al. 1993) and the Diagnostic Instrument for
Brain Studies (DIBS, Keks et al. 1999). Eight of the cases
(cases 1–8, Table 1) were diagnosed according to DSM
III-R using the SCAN. Two cases (9,10, Table 1) were di-
agnosed according to DSM-IV using the DIBS. Both in-
struments have proven reliability. The mean age of on-
set of schizophrenia was 24.9 

 

�

 

 5.9 years and the mean
duration of the illness was 17.2 

 

�

 

 11.9 years. The illness
subtype was undifferentiated (n 

 

�

 

 4), paranoid (n 

 

�

 

 4)
or residual (n 

 

�

 

 2). All subjects with schizophrenia had
been treated with various forms of anti-psychotic medi-
cation over a number of years before death and, based
on toxicology reports, eight out of ten cases were medi-
cated at the time of death (Table 1).

The control cases were confirmed through extensive
contact with area health hospitals, and the subject’s
family physician. Medical records were reviewed to ex-
clude any history of major psychiatric disorders and, if
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necessary to exclude possible psychopathology, discus-
sion took place with the family physician. Brains were
sliced in the coronal plane at approximately 1 cm thick-
ness. Tissue blocks were taken from the left side of ACC
and were immediately frozen at 

 

�

 

80

 

�

 

C until the assays.
All assays described below were carried out blind of di-
agnosis.

 

Autoradiography

 

Sections of 16

 

�

 

m thickness were cut at 

 

�

 

18

 

�

 

C using a
cryostat (Jung CM300, Leica), mounted onto gelatin-
coated slides and stored at 

 

�

 

20

 

�

 

C until they were used.
Sections from both schizophrenia and control cases
were randomly selected from levels equivalent to plates
5 and 6 of the Atlas of the Human Brain (Mai et al.
1997). Tissues from normal and schizophrenic cases
were sectioned alternately to avoid a sequencing bias
that might potentially be incurred during cutting and
storage of the sections. All control and schizophrenic
tissue sections were processed simultaneously to mini-
mize experimental variance. For each ligand one exper-
imental run was conducted and all subjects were in-
cluded.

[

 

3

 

H]AMPA binding was performed as previously
described (Zavitsanou et al. 1996). Briefly, all sections
underwent a pre-wash for 30 min at 4

 

�

 

C in 50 mM Tris-
HCl buffer (pH 7.2) containing 2.5 mM CaCl

 

2

 

. Four sec-

tions per case were then incubated for 60 min at 4

 

�

 

C in
50 mM Tris-HCl buffer (pH 7.2) containing 63nM
[

 

3

 

H]AMPA (specific activity 48.7 Ci/mmol, NEN, USA)
in the presence of 2.5 mM CaCl

 

2

 

 and 100 mM potassium
thiocyanate (KSCN). Two additional sections per case
were incubated with [

 

3

 

H]AMPA in the presence of 1
mM glutamic acid to determine non-specific binding.
After the incubation, the sections were rinsed three
times in cold 50 mM Tris-HCl buffer containing 2.5 mM
CaCl

 

2

 

 for 60 s and dried with warm air.
[

 

3

 

H]Kainate binding was performed as previously
described (Zavitsanou et al. 1996) with minor modifica-
tions. Briefly, all sections underwent a pre-wash for 30
min at 4

 

�

 

C in 0.31M Tris-citrate buffer (pH 7.3). Four
sections per case were then incubated for 2 h at 4

 

�

 

C in
0.31M Tris-citrate buffer (pH 7.3) containing 42nM
[

 

3

 

H]kainate (specific activity 58 Ci/mmol, NEN, USA).
Two additional sections per case were incubated with
[

 

3

 

H]kainate in the presence of 1 mM glutamic acid to
determine non-specific binding. After the incubation,
the sections were rinsed twice for 1 min each time, in
cold 0.31M Tris-citrate buffer with a final dip in ice-cold
dH

 

2

 

O and dried with warm air.
[

 

3

 

H]MK-801 binding was performed according to the
method by Ekonomou and Angelatou (1999). Briefly,
on the day of the experiment all slides were thawed at
room temperature and air-dried. Two sections per case
were then incubated in 30 mM N-(2-Hydroxyethyl) pip-

 

Table 1.

 

Demographic Data, Characteristics and Medication of Schizophrenia Cases and Controls.

 

Age
(yrs)

PMD

 

a

 

(hrs) Gender Cause of death Medication at death

 

b

 

Schizophrenia cases
1 51 12 F Congestive cardiac failure Lithium, benzodiazepines
2 51 21 M Ischemic heart disease Thioridazine, mesoridazine
3 27 27 M Suicide by hanging Nil
4 67 5 M Ischemic heart disease Thioridazine, risperdal, 
5 42 17 M Cardiac arrhythmia Clozapine
6 57 35.5 M Concequences of myocardial scarring Thioridazine, sertraline
7 27 30 M Myocarditis Clozapine
8 27 9.5 M Clozapine toxicity Clozapine
9 30 24 M Suicide by carbon monoxide poisoning Clozapine
10 44 35 M Suicide by hanging Nil
Mean

 

�

 

SE 42.3

 

�

 

4.5 21.6

 

�

 

3.4
Control cases

1 52 9.5 F Ischemic heart disease Nil
2 55 20 M Cardiac arrest Nil
3 37 21 M Ischemic heart disease Nil
4 60 13 M Acute myocardial infarction Nil
5 38 13.5 M Atherosclerotic cardiovascular disease Nil
6 61 24 M Ischemic heart disease Nil
7 18 33 M Hypertrophic cardiomyopathy Nil
8 37 11 M Pulmonary embolism Nil
9 37 24 M Electrocution Nil
10 43 13 M Thrombotic coronary artery occlusion Nil
Mean

 

�

 

SE 43.8

 

�

 

4.2 18.2

 

�

 

2.4

 

a

 

 PMD: post-mortem delay. 

 

b

 

 Medication at the time of death is based on toxicology reports.
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erazine-N

 

�

 

-2-ethane sulfonic acid (HEPES) buffer,
pH7.45, containing 23nM [

 

3

 

H]MK-801 (specific activity
21.7 Ci/mmol, NEN, USA), 100

 

�

 

M glutamate, 100

 

�

 

M
glycine and 1 mM EDTA for 2.5 h at room temperature.
Two additional sections per case were incubated with
[

 

3

 

H]MK801 in the presence of 200

 

�

 

M ketamine to deter-
mine non-specific binding. After the incubation, the
sections were washed in incubation buffer containing
neither glutamate nor glycine for 40 min, with one
change of buffer at 20 min at 0

 

�

 

C, and then dried with
warm air.

After the assay, sections were exposed to [

 

3

 

H]sensitive
film (Amersham, UK) for 16–80 days. [

 

3

 

H]Microscales
from Amersham were used as standards. Autoradio-
graphs were developed at room temperature in Ilford
(Phenisol) X-ray developer (4 min) and exposed to cold
tap water (15 sec), Ilford (Hypam) X-ray fixer (4 min),
cold tap water (10 min) and room temperature air to dry.

 

Quantitative Analysis of Autoradiographic Images

 

Quantification analysis of the resulting autoradio-
graphic images was performed by using a computer as-
sisted image analysis system (Multi Analyst, BIO-RAD,
USA), connected to a GS-690 Imaging Densitometre.
Optical density measurements were taken from both
the proisocortical and isocortical part of Brodmann’s
area 24 (Zilles 1990). For the confirmation of anatomical
structures, sections were stained with cresyl violet (Pax-
inos et al. 2000) after the development of the autoradio-
graphs. Section images on the film were then superim-
posed on the stained sections and observed under an
Olympus BX-50 microscope to determine the distribu-
tion of each ligand among the cortical layers.

Since the three ligands displayed different distribu-
tion among cortical layers measurements were aver-
aged from different representative compartments of the

Figure 1. Digitized images of autoradiographs of [3H]AMPA, [3H]MK801, and [3H]kainate binding in the anterior cingu-
late cortex of control and schizophrenia cases. Control cases with numbers 2 ([H]AMPA), 1([3H]MK801), 5 ([3H]kainate), and
schizophrenia cases with numbers 5 ([3H]AMPA), 6 ([3H]MK801), 4 ([3H]kainate) from Table 1 are illustrated. The schematic
diagram on the right indicates the location of the area analyzed. There is a statistically significant increase in [3H]AMPA (p 	
.01) and [3H]MK801 (p 	 .05) binding in the superficial layers of anterior cingulate cortex in schizophrenia cases. CG: cingu-
late gyrus; cgs: cingulate sulcus; imfs: intermediate frontal sulcus; olfs: olfactory sulcus.
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cortical gray matter (detailed in Results section). For
each compartment at least six measurements were ran-
domly taken. Optical density was converted into fmoles
[

 

3

 

H]ligand per mg tissue equivalent, according to the
calibration curve obtained from the tritium standards.

Separate ANCOVA analyses, controlling for both
age and post-mortem delay, were performed within
each cortical compartment.

 

RESULTS

 

Autoradiographs of all three binding sites in represen-
tative schizophrenia and control cases are shown in Fig-
ure 1. Specific binding of [

 

3

 

H]AMPA, [

 

3

 

H]MK-801 and
[

 

3

 

H]kainate was observed in all cortical layers in the
ACC. Non-specific binding was 

 

	

 

10% for [

 

3

 

H]AMPA
and [

 

3

 

H]MK-801, and 

 

	

 

5% for [

 

3

 

H]kainate. [

 

3

 

H]MK801
appears to display the highest density of binding sites
followed by [

 

3

 

H]AMPA. [

 

3

 

H]Kainate displayed the low-
est density of binding sites (Figure 2).

Binding sites labeled by the three ligands appeared
to have differential distribution among the layers of the
ACC. The principal laminar patterns of each binding
site were similar in schizophrenia and control group. A
higher density of [3H]AMPA binding was observed
within the superficial compartment of ACC compared
with the deeper layers. Inspection of Nissl staining sec-
tions indicated that this division corresponds to lami-
nae II and III–VI respectively. In addition, higher den-

sity of [3H]MK801 binding sites was observed in the
supragranular layers II–III of the ACC in comparison
with layers V–VI. In contrast, a higher density of
[3H]kainate binding sites was observed in infragranular
layer V, in comparison with the supragranular layers
II–III (Figure 1).

Quantification of [3H]AMPA binding of 10 schizo-
phrenia cases and 10 matched controls indicated that
[3H]AMPA binding was greater in the ACC in schizo-
phrenia patients than in normal controls, reaching sig-
nificance in cortical layer II. More specifically, in corti-
cal layer II we observed a 24% increase of [3H]AMPA
binding in the schizophrenia group in comparison with
the control group (122.1 � 6.39 versus 92.17 � 8.34
fmoles/mg tissue, F1,16 � 7.13, p � .02). In layers III–V,
[3H]AMPA binding was also increased by 18% in the
schizophrenia group compared with control group;
however, this increase did not reach statistical signifi-
cance (84.54 � 7.31 versus 103.7 � 7.92 fmoles/mg tis-
sue, F1,16 � 3.48, p � .08).

Quantification of [3H]MK801 binding in cortical layers
II–III of the ACC indicates that [3H]MK-801 binding was
significantly higher by 17% in schizophrenia group as
compared with control group (203.3 � 9.89 versus 168.4 �
11.64 fmoles/mg tissue, F1,16 � 4.48, p � .05). In layers V–
VI [3H]MK-801 binding was also increased by 15% in the
schizophrenia group; however, this increase did not reach
statistical significance (158.2 � 12.84 fmoles/mg tissue in
the schizophrenia group versus 134.8 � 7.66 fmoles/mg
tissue in the control group, F1,16 � 1.98, p � .18).

Figure 2. Scatterplot of [3H]AMPA, [3H]MK801, and [3H]kainate binding in the anterior cingulate cortex of control (C, n �
10, �) and schizophrenia cases (S, n � 10, �). Horizontal bars indicate mean values. There was a statistically significant
increase of [3H]AMPA (p 	 .01) and [3H]MK801 (p 
 .05) binding in layer II and layers III–V respectively, in the schizophre-
nia group.
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Quantification of [3H]kainate binding in layer V and
layers II–III, revealed no statistically significant differ-
ences between the schizophrenia and control groups
(23.20 � 1.71 versus 26.51 � 1.99 fmoles/mg tissue F1,16 �
0.48, p � .49, and 15.16 � 1.07 versus 16.36 � 0.95
fmoles/mg tissue, F1,16 � 1.56, p � .23).

DISCUSSION

The present study investigated the binding of
[3H]MK801, [3H]AMPA and [3H]kainate, radioligands
which respectively label the NMDA, AMPA and kain-
ate receptors of the ionotropic glutamate receptor fam-
ily in the ACC of schizophrenia patients and controls
using quantitative autoradiography. An upregulation
of AMPA and NMDA receptors in supragranular layers
in the ACC in schizophrenia patients was observed. No
changes in kainate receptor density were observed be-
tween the schizophrenia and control groups.

The principal laminar patterns of each binding site
were similar in both schizophrenia and control groups.
AMPA receptor densities were higher in cortical layer II
whereas NMDA receptor densities were higher in corti-
cal layers II–III in the ACC of both control and schizo-
phrenia groups. In contrast, kainate receptors displayed
the highest density in cortical layer V. These results are
in agreement with previous autoradiographic studies
indicating high densities of AMPA and NMDA recep-
tors in superficial layers and high densities of kainate
receptors in deep layers of neocortex (Monaghan et al.
1984; Monaghan and Cotman 1985, 1982).

A potential confounding factor in all studies in
schizophrenia is the possible effects of antipsychotic
medication. Based on toxicology reports eight out of ten
schizophrenia patients were under medication at the
time of death. Although three schizophrenia patients
were free of neuroleptics at death, their medication his-
tory indicates that they were receiving antipsychotics
during life. Recent animal studies indicate reduction of
[3H]MK801-binding sites in the ACC after clozapine
treatment (Giardino et al. 1997), whereas subchronic
haloperidol and clozapine treatment significantly re-
duced [3H]MK801 binding in the medial prefrontal cor-
tex (Tarazi et al. 1996). It is therefore unlikely that the
increases in [3H]MK801 binding we observed in the
schizophrenia group could be caused in these patients
by the antipsychotic medication they received.

A recent study reports increases in [3H]AMPA bind-
ing in the ACC in rats after clozapine treatment (Spur-
ney et al. 1999). In addition, McCoy et al. (1998) found
that haloperidol, but not clozapine, increased the den-
sity of AMPA receptors in the frontal cortex. In another
study however, subchronic and chronic antipsychotic
drug treatment did not alter [3H]CNQX (AMPA) bind-
ing in the medial prefrontal cortex (Tarazi et al. 1996).

Although the above animal studies indicate no consen-
sus regarding the effects of neuroleptic treatment on
AMPA receptors, two recent studies reported de-
creased [3H]CNQX (AMPA) receptor binding in the
prefrontal cortex and putamen of non-schizophrenic-
neuroleptic treated subjects as compared with controls
(Noga et al. 1997, 2001). While these studies provide
some reassurance that the increased AMPA binding re-
ported in the present study is not likely to be a medica-
tion effect, further research examining [3H]AMPA bind-
ing in the ACC in non-schizophrenic neuroleptic-treated
controls would help to further clarify the effects of an-
tipsychotic medication in the ACC in schizophrenia.

Several studies, examining binding to ionotropic
glutamate receptors using postmortem human tissue,
have demonstrated that the occurrence and nature of
glutamate receptor abnormalities in schizophrenia can
differ between cortical and subcortical brain regions or
even between cortical subdivisions. In the present
study no changes in [3H]kainate binding were observed
in the ACC between the schizophrenia and control
groups. Interestingly, kainate receptor binding has been
reported to be elevated in multiple cortical areas in
schizophrenia (Deakin et al. 1989; Nishikawa et al.
1983) and decreased in prefrontal cortex (Meador-Woo-
druff et al. 2001).

The present data of increased [3H]MK-801 binding in
the ACC in schizophrenia are in line with previous re-
ports suggesting an upregulation of different binding
sites of the NMDA receptor complex in several cortical
areas in schizophrenia. Increased strychnine insensitive
[3H]glycine binding has been reported in several corti-
cal areas (Ishimaru et al. 1994), and increased [3H]L-
689,560 binding to the glycine site of the NMDA recep-
tor has been observed in the superior temporal gyrus of
schizophrenic patients (Grimwood et al. 1999). In addi-
tion, [3H]TCP binding to PCP site of the NMDA recep-
tor was increased in the orbital frontal cortex of schizo-
phrenic patients (Simpson et al. 1992). Unchanged
[3H]MK801 binding has been reported, however, in
frontal and entorhinal cortices of schizophrenia patients
as compared with controls (Kornhuber et al. 1989).

Our results of increased [3H]AMPA binding in the
ACC of schizophrenia are in agreement with increased
[3H]CNQX binding to AMPA receptors in layer II in the
dorsolateral prefrontal cortex of schizophrenics (Noga
et al. 2001). However, [3H]AMPA binding was found to
be unchanged in the prefrontal cortex of schizophrenics
as compared with controls (Healy et al. 1998). More-
over, a recent study employing Western blot analysis of
the AMPA-preferring GluR2 and GluR3 immunoreac-
tivity revealed no changes in these receptor subunits in
the cingulate region in schizophrenia (Breese et al.
1995). It should be noted that [3H]AMPA binding to
AMPA receptors does not allow one to predict regula-
tory changes of single receptor subunits and it rather
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demonstrates an upregulation of native AMPA recep-
tors containing the pharmacologically and functionally
important AMPA binding site. In addition, method-
ological differences may account for this discrepancy.
In our study statistically significant upregulation of
AMPA receptors was observed in layer II only, whereas
Breese et al. (1995) used membrane preparations from
the entire cingulate cortical region.

The results of the present study are in agreement
with animal studies modeling NMDA receptor hypo-
function in rats, after administration of PCP. Recent
studies reported heightened depolarization of cortical
pyramidal neurons after application of exogenous
NMDA in PCP-treated rats relative to controls (Ar-
vanov and Wang 1999). One interpretation of these data
is that prolonged reduction in glutamatergic transmis-
sion in the prefrontal cortex, caused by PCP, is associ-
ated with an upregulation of NMDA receptors, and
thus the response to exogenous NMDA application is
amplified. In agreement with this hypothesis increased
expression of GluR1 (a subunit of the AMPA receptor)
and NMDAR1 have been shown in rat prefrontal cortex
after repeated exposures to PCP (see Jentsch and Roth
1999 and references therein).

One explanation of the present findings could be
based on the suggestion that the ACC in schizophrenia
receives an abnormally dense glutamatergic innerva-
tion, that possibly originates in the basolateral nucleus
of the amygdala (Benes 2000). Increased numbers of
glutamatergic afferent axons would result in increased
glutamate uptake and therefore reduced synaptic levels
of glutamate, sufficiently to induce a compensatory in-
crease in postsynaptic AMPA and NMDA receptors. In
agreement with this notion, reduced glutamate concen-
trations in cerebrospinal fluid in schizophrenia have
been reported (Kim et al. 1980). However to prove such
a hypothesis it is necessary to asses the function of pre-
synaptic glutamatergic system in the ACC in schizo-
phrenia. [3H]-D-aspartate binds with high affinity to the
glutamate uptake site, and it is thus a marker for the
integrity of pre-synaptic glutamate terminals. Impor-
tantly, increased [3H]-D-aspartate binding has been ob-
served in membrane preparations of the ACC in schizo-
phrenia although in borderline significance, which
indicates that problems may be confined to a few corti-
cal laminae (Simpson et al. 1998).

Another possible explanation of the present finding
could be based on the suggestion that a primary abnor-
mality in the hippocampus in schizophrenia is associ-
ated with a reduced efferent hippocampal glutamate
signal to ACC (see Tamminga et al. 2000 for a review).
It is therefore reasonable to hypothesize that a reduced
efferent glutamatergic signal from the hippocampus
would result in compensatory upregulation of AMPA
and NMDA receptors in the ACC.

In summary, the increases in NMDA and AMPA re-

ceptor densities in the superficial layers of ACC in
schizophrenia suggest a dysfunction of glutamatergic
neurotransmission that could theoretically alter intrin-
sic circuits and result in abnormal information process-
ing. The findings add to a growing body of literature
that supports abnormalities in the excitatory neu-
rotransmission in the ACC in schizophrenia.
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