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Objective: Both thalamic and glutama-

tergic dysfunction have been implicated
in the pathophysiology of schizophrenia.

The authors examined ionotropic gluta-

mate receptor expression in postmortem
samples from patients with schizophrenia

and comparison subjects, using the hy-

pothesis that glutamate receptor expres-
sion differs in limbic nuclei of the thala-

mus in schizophrenia.

Method: N-Methyl-D-aspartate (NMDA),
AMPA, and kainate receptor expression

was determined in six thalamic nuclei

from 12 subjects with DSM-III-R diagnoses
of schizophrenia and eight psychiatrically

normal individuals. The authors used in

situ hybridization to determine NMDAR1,

NMDAR2A–NMDAR2D, gluR1–gluR7, KA1,
and KA2 subunit mRNA levels and recep-

tor autoradiography to determine binding

to glutamate binding sites of the three re-
ceptor subtypes and to the glycine,

polyamine, and ion channel binding sites

of the NMDA receptor.

Results: Glutamate receptor expression
was lower at both transcriptional (NMDAR1,
NMDAR2B, NMDAR2C, gluR1, gluR3, and
KA2 subunit mRNAs) and posttranscrip-
tional ([3H]ifenprodil and [3H]MDL105,519
binding to polyamine and glycine sites of
the NMDA receptor) levels in the thala-
mus in patients with schizophrenia than
in comparison subjects, but differences
were most prominent in nuclei with recip-
rocal projections to limbic regions.

Conclusions: Abnormalities in NMDA,
AMPA, and kainate receptor expression in
limbic thalamus are suggestive of the
NMDA receptor hypoactivity hypothesis of
schizophrenia and are consistent with di-
minished glutamatergic activity in the
thalamus in schizophrenia. Alternatively,
these results could suggest abnormal
glutamatergic innervation in afferent
and/or efferent regions, which are limbic
structures that have been implicated in
this illness. These results may provide a
neurochemical anatomical substrate for
antipsychotic therapies targeting ionotro-
pic glutamate receptors.

(Am J Psychiatry 2000; 157:1811–1823)

The critical role of the thalamus in sensory processing,
and the rich, reciprocal limbic projections with the frontal
and cingulate cortex, hippocampus, nucleus accumbens,
and amygdala, has led to speculation that this structure
may be dysfunctional in schizophrenia (1). Structural and
functional pathology have been detected in the thalamus
in schizophrenia, which is consistent with this hypothesis.
Lower thalamic cell numbers and volume have been re-
ported in some but not all studies in schizophrenia, in
relation to comparison subjects, while lower levels of tha-
lamic metabolism and suggestions of different cortico-
thalamic connectivity have been consistently reported (2–
13). However, it is currently unclear which neurochemical
substrates are associated with these abnormalities. The
glutamatergic system represents a likely candidate, both
because most thalamic afferents and efferents are gluta-
matergic (1, 14, 15) and because pharmacological evidence
implicates glutamatergic dysfunction in schizophrenia.

N-Methyl-D-aspartate (NMDA), AMPA, kainate, and
metabotropic receptors make up the four families of glu-
tamate receptors, and all are expressed in the thalamus

(16, 17). NMDA receptor abnormalities are most often as-
sociated with schizophrenia, because the NMDA receptor
antagonists phencyclidine (PCP) and ketamine can in-
duce schizophreniform psychosis in normal volunteers
and exacerbate psychotic symptoms in schizophrenia pa-
tients (18–22). Furthermore, adjunct treatment with con-
ventional antipsychotics of agonists and partial agonists
of the glycine coagonist site of the NMDA receptor has
been reported in some studies to ameliorate negative psy-
chotic symptoms (23–28). These data have been inter-
preted to suggest that NMDA receptor hypoactivity is as-
sociated with schizophrenia. However, it is not apparent
whether a difference in NMDA receptor activity results
from a primary defect in NMDA receptors or from dys-
function in one of the other three glutamate receptor fam-
ilies that may secondarily lead to low levels of NMDA re-
ceptor activity. Activation of presynaptic kainate receptors
facilitates glutamate release and/or decreases GABA(γ-
aminobutyric acid)ergic activity, creating a functional
interface with postsynaptic NMDA receptors (29–36). Fur-
thermore, the NMDA receptor ion channel is blocked by
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physiological concentrations of magnesium ions, and par-
tial depolarization of the cell membrane is required to ex-
trude magnesium and allow ion flow though the NMDA
receptor channel. Activation of AMPA receptors appears to
provide this permissive function, and AMPA receptors are
extensively colocalized with NMDA receptors at
glutamatergic terminals (37). Finally, there are pre- and
postsynaptic metabotropic receptors that also affect
NMDA receptor-mediated neurotransmission (38–40).
Dysfunction of any of the four glutamate receptors could
mimic abnormal NMDA receptor activity.

Both thalamic and glutamatergic dysfunction have
been separately associated with schizophrenia, but there
are few studies examining thalamic glutamate receptor
expression in this illness. Therefore, we measured iono-
tropic glutamate receptor subunit mRNA levels by in situ
hybridization, and receptor binding by receptor autorad-
iography, in discrete thalamic nuclei in patients with
schizophrenia and comparison subjects. The topographic
organization of the thalamus allowed us to compare gluta-
mate receptor expression in the limbic nuclei (dorso-
medial, anterior, laterodorsal, and central medial) with
nonlimbic nuclei (reticular and ventral). Our overall hy-
pothesis was that glutamate receptor expression differs in
the limbic thalamic nuclei in schizophrenia.

Method

Subjects

Twelve subjects with schizophrenia and eight nonpsychiatri-
cally ill individuals were studied (Table 1). Subjects were from the
Mount Sinai Medical Center Brain Bank. Patients were classified
as having schizophrenia if 1) the presence of schizophrenic symp-

toms could be documented before age 40; 2) the medical records
contained evidence of psychotic symptoms and at least 10 years
of psychiatric hospitalization with a diagnosis of schizophrenia;
3) the DSM-III-R diagnosis of schizophrenia was agreed on by two
experienced clinicians; and 4) neuropathological examination
did not reveal Alzheimer’s disease or other degenerative disor-
ders. Neither age (t=1.59, df=18, p=0.13), postmortem interval (t=
1.08, df=18, p=0.29), nor sex distribution (χ2=1.02, df=1, p=0.31)
were significantly different between the two groups.

The brains obtained at autopsy were prepared by slicing one
hemisphere into 1-cm coronal slabs that were immediately fro-
zen on dry ice. Blocks containing the thalamus (four from the left
hemisphere and 16 from the right hemisphere) were cryostat-sec-
tioned (20 µm thick), thaw-mounted onto poly-L-lysine-subbed
microscope slides, dried, and stored at –80°C until use. The sub-
units expressing mRNA encoding of NMDA, AMPA, and kainate
receptors were investigated by in situ hybridization, and the dis-
tribution of ionotropic receptor binding sites was studied by us-
ing receptor autoradiography.

Riboprobe in Situ Hybridization

The AMPA receptor subunits are derived from a family of four
genes termed gluR1–gluR4, while kainate receptor subunits are
derived from genes for the low-affinity gluR5–gluR7 and high-af-
finity KA1 and KA2 subunits (16). The NMDA receptor subunits
are encoded by five genes termed NMDAR1 and NMDAR2A–
NMDAR2D (16). NMDAR1 is expressed as one of eight isoforms
because of the alternative splicing of exons 5, 21, and 22 (41, 42);
our probe recognizes all eight isoforms (Figure 1). Riboprobes
were synthesized from linearized plasmid DNA containing sub-
clones of these ionotropic glutamate receptor subunits, as has
been previously described (43, 44). In addition, a 743 base pair
subclone of the entire coding region of the ubiquitously ex-
pressed prolyl isomerase cyclophilin was used for in situ hybrid-
ization in the same subjects (45, 46). Two slides per subject for
each probe were removed from –80°C storage and fixed in 4%
(weight/volume) formaldehyde at room temperature for 1 hour.
Slides were processed for in situ hybridization, as we have previ-
ously reported (43, 44, 46). After in situ hybridization, slides were

TABLE 1. Demographic and Clinical Characteristics of Deceased Schizophrenia Patients and Comparison Subjects

Group and Number Sex Age (years)
Postmortem Interval

(minutes)
Drug-Free Period

(weeks) Cause of Death

Comparison subjects (N=8)a

1 Female 86 280 Unknown
2 Male 70 482 Lower gastrointestinal bleeding
3 Male 55 600 Lymphoma
4 Female 96 195 Cardiopulmonary failure
5 Female 90 250 Cardiopulmonary failure
6 Female 74 180 Cardiopulmonary failure
7 Female 82 230 Cardiopulmonary failure
8 Female 64 1,145 Pulmonary edema

Schizophrenia patients (N=12)b

9 Female 86 416 Cardiac failure, pneumonia
10 Male 61 212 1 Cardiac failure
11 Male 69 270 6 Myocardial infarction
12 Male 72 1,235 9 Cardiopulmonary failure
13 Male 63 372 Cardiopulmonary failure
14 Female 69 820 4 Cardiopulmonary failure
15 Male 68 335 Cardiopulmonary failure
16 Female 64 392 Cardiopulmonary failure
17 Male 61 169 Cardiac failure
18 Female 79 1,225 9 Cardiopulmonary failure
19 Male 66 725 Cardiac failure
20 Female 76 1,270 Cardiogenic shock

a Of the eight comparison subjects, 75% (N=6) were female; mean age=77 years (SD=14); mean postmortem interval=420 minutes (SD=328).
b Of the 12 patients with schizophrenia, 42% (N=5) were female; mean age=70 years (SD=8); mean postmortem interval=613 minutes 

(SD=425).
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apposed to Kodak (Rochester, N.Y.) BioMax MR1 film for up to 5
weeks.

Oligonucleotide in Situ Hybridization

An oligonucleotide of 45 bases in length for neuron-specific
enolase was designed, synthesized, and purified by high-perfor-
mance liquid chromatography. A total of 500 ng of neuron-spe-
cific enolase oligonucleotide was terminally labeled with 50 µCi
[33P]dATP by means of terminal deoxynucleotidyl transferase and
purified on a Sephadex (Sigma Chemical, St. Louis) G-50 column.
Two slides per subject were used for the neuron-specific enolase
probe, and in situ hybridization was performed, as we have previ-
ously described (46).

Receptor Autoradiography

The pharmacological regulation of the glutamate receptors de-
pends on the unique combination of binding sites on the assem-
bled receptor (42). There is a site on the NMDA receptor for the
binding of glutamate, and competitive antagonists of the receptor
probably compete with glutamate at this site. A separate glycine
binding site must also be occupied before glutamate can activate
the ion channel. In addition, there is a site within the ion channel
itself that is associated with the binding of noncompetitive antag-
onists of the NMDA receptor, such as PCP. There is a polyamine
modulatory site that is antagonized by the binding of ifenprodil,
either directly or through another allosteric site. Assembled
AMPA receptors also contain several binding sites: one for gluta-
mate, another at which competitive antagonists such as 6-cyano-
7-nitroquinexaline-2,3 dione act (through an allosteric mecha-
nism that affects glutamate binding), and yet another where de-
sensitization modulators exert their influence. Similarly, kainate
receptors contain a glutamate binding site; other binding sites
have not been as well characterized.

Binding to NMDA, AMPA, and kainate receptors was determined
from receptor autoradiography studies, by use of established meth-
ods (47–53), which we have described in detail in an earlier report
(44). We examined multiple binding sites on the NMDA receptor,
including the intrachannel site (visualized with [3H]MK-801), the
polyamine site ([3H]ifenprodil), the glutamate site ([3H] CGP39653),
and the glycine coagonist site ([3H]MDL105,519). [3H]AMPA and
[3H]kainate were used to label those respective receptors. Slides
from these studies were exposed to Amersham (Piscataway, N.J.)
[3H] Hyperfilm for 1–20 weeks.

Data Analysis

Images were acquired by digitizing in situ hybridization and
receptor autoradiography film images with a charged coupled
device imaging system. Image analysis was performed by using
Image 1.56 (National Institutes of Health, Bethesda, Md.). Tha-
lamic nuclei were identified in each section on the basis of cellu-
lar and white-matter patterns, as defined by cresyl violet and
gold chloride staining of adjacent sections from each subject
(Figure 2) (44, 54). These stained sections were used to identify
the thalamus and adjacent structures and to delineate nuclear
boundaries within the thalamus. The Y-shaped internal medul-
lary lamina, consisting of afferent and efferent fibers, was used as
a major anatomical landmark. It subdivides the thalamus into
three gray masses: the anterior, medial, and lateral nuclei (55).
Stained slides from each subject were compared to serial tha-
lamic coronal sections from two atlases (55–57). For all subjects,
the stained sections studied were at the junction of the anterior
and middle third of the thalamus. In each section, the following
nuclei were identified for each subject: anterior, dorsomedial,
lateral dorsal, central medial, ventral, and reticular. The anterior
nucleus lies within the Y bifurcation of the internal medullary
lamina and can be subdivided into anteromedial, anteroventral,
and anterodorsal nuclei (55). At the level studied, the anteroven-

FIGURE 1. Summary of the Relationships of Ionotropic
Glutamate Receptor Subunits and Binding Sites in the
Braina

a AMPA and kainate binding sites are labeled with [3H]AMPA and
[3H]kainate, respectively. The binding sites of the NMDA receptors
are labeled with tritiated forms of the compounds shown in paren-
theses.
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a The tail of the caudate nucleus of the striatal complex is seen at this
level.
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tral and anteromedial nuclei progressively vanish and are re-
placed by the lateral dorsal nucleus (55–57). Thus, the “anterior”
nucleus in this study mainly represents the anterodorsal nu-
cleus, which was identifiable just beneath the ependymal sur-
face, medial to the dorsomedial nucleus (55–57). The dorso-
medial nucleus was well delineated, because it was usually
encircled by the internal medullary lamina.

The dorsomedial nucleus consists of the medial magnocellular,
dorsolateral parvocellular, and ventral multiform divisions (55).
These subdivisions were not clearly distinguishable in the stained
sections; thus, all three divisions of the dorsomedial nucleus were
pooled for analysis. Beneath the dorsomedial nucleus in the me-
dial plane, the central medial nucleus was identifiable within the
internal medullary lamina. Other intralaminar nuclei were visual-
ized in some sections, but only the central medial nucleus was
consistently visualized. In this study, the “ventral” nucleus corre-
sponds mainly to the ventral lateral anterior and ventral lateral
posterior nuclei (55–58)). These two ventral nuclei were pooled
for imaging. The reticular nucleus was clearly visualized as a thin
sheet surrounding the dorsal, lateral, and to some extent, the ven-
tral surface of the thalamus (55–57).

For in situ hybridization images, tissue background values
were subtracted from gray-scale values and then converted to
optical densities. Glutamate receptor subunit mRNA optical
densities were then divided by the cyclophilin mRNA optical
density for each nucleus so that the dependent variables for
analyses were the ratio of glutamate receptor subunit mRNA op-
tical densities over the cyclophilin mRNA optical densities. This
was to control for between-subject variability in total mRNA lev-

els. For receptor binding studies, gray-scale values were cor-
rected for nonspecific binding and then converted to optical
densities. Values from two sections for each subject from in situ
hybridization were averaged and used for data analysis. Statisti-
cal analysis was performed for each probe by means of two-way
analysis of variance, with nucleus and diagnosis as independent
variables. Post hoc analyses were performed by means of the
Newman-Keuls test. For all tests, the alpha level was 0.05.

Results

NMDA Receptor Expression

All five subunit mRNAs and all four binding sites were
expressed in all nuclei studied (Figure 3 and Figure 4).
NMDAR1, NMDAR2A, and NMDAR2B were the most
abundant subunit mRNAs, which is consistent with the re-
sults from previous studies in the macaque (44, 59). There
was no main effect of diagnosis for NMDAR1 mRNA levels,
but there was a significant diagnosis-by-nucleus interac-
tion (F=2.42, df=5, 90, p<0.05) (Figure 5). Post hoc analysis
revealed significantly lower levels of NMDAR1 mRNA in
the subjects with schizophrenia than in comparison sub-
jects in both the dorsomedial and central medial nuclei
(p<0.05, Newman-Keuls test). There was also no main ef-
fect of diagnosis for NMDAR2B mRNA, but there was a sig-

FIGURE 3. Distribution of N-Methyl-D-Aspartic Acid (NMDA) Receptor Subunit mRNA in Thalamic Nucleia

a All five subunit mRNAs were detectable, and NMDAR1, NMDAR2A, and NMDAR2B were the most abundant.
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nificant diagnosis-by-nucleus interaction (F=4.55, df=5,
90, p<0.001) (Figure 5). Post hoc analysis revealed a signif-
icantly lower level of NMDAR2B in the central medial nu-
cleus in the subjects with schizophrenia than in compari-
son subjects (p<0.01, Newman-Keuls test). There was a
significant main effect for diagnosis (F=5.54, df=1, 18,
p<0.05) and a significant diagnosis-by-nucleus interaction
(F=5.16, df=5, 90, p<0.0005) for NMDAR2C (Figure 5). Post
hoc analysis demonstrated significantly lower levels of
NMDAR2C mRNA in the anterior (p<0.0005, Newman-
Keuls test), dorsomedial (p<0.005, Newman-Keuls test),
lateral dorsal (p<0.0005, Newman-Keuls test), and central
medial (p<0.0005, Newman-Keuls test) nuclei in the sub-
jects with schizophrenia than in comparison subjects.
There were no significant differences in NMDAR2A or
NMDAR2D mRNA expression (Figure 5).

There was no main effect of diagnosis for [3H]ifenprodil
binding levels, but there was a significant diagnosis-by-
nucleus interaction (F=3.33, df=5, 90, p<0.01) (Figure 6).
Post hoc analysis demonstrated significantly lower levels
of [3H]ifenprodil in anterior (p<0.01, Newman-Keuls test),
dorsomedial (p<0.05, Newman-Keuls test), and central
medial (p<0.005, Newman-Keuls test) nuclei in the pa-
tients than in the comparison subjects. There was a sig-
nificant main effect of diagnosis for [3H]MDL105,519
binding (F=4.26, df=1, 18, p<0.05), and post hoc analysis
demonstrated significantly lower levels of [3H]MDL105,519
binding in the dorsomedial nucleus in the patients than in
the comparison subjects (p<0.005, Newman-Keuls test)
(Figure 6). There was no significant main effect or diag-
nosis-by-nucleus interaction for either [3H]MK-801 or
[3H]CGP39653 binding levels (Figure 6).

FIGURE 4. Distribution of N-Methyl-D-Aspartic Acid (NMDA) Receptor Binding Sites in Thalamic Nuclei

FIGURE 5. N-Methyl-D-Aspartic Acid (NMDA) Receptor Subunit mRNA Levels in the Thalamic Nuclei of Schizophrenia Pa-
tients and Comparison Subjects

a Significant difference between the groups (analysis of variance and post hoc contrasts by means of the Newman-Keuls test).
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AMPA Receptor Expression

All four AMPA receptor subunit mRNAs and the
[3H]AMPA binding site were expressed in all nuclei stud-
ied, and at lower levels than NMDA receptor subunit mR-
NAs and binding sites (Figure 7), which is consistent with
the results from previous primate studies (44, 59). There
was no main effect of diagnosis for gluR1 mRNA levels, but
there was a significant diagnosis-by-nucleus interaction
for this subunit mRNA (F=2.46, df=5, 90, p<0.05) (Figure 8).
Post hoc analysis demonstrated significantly lower levels
of gluR1 mRNA in the dorsomedial (p<0.01, Newman-
Keuls test) and central medial (p<0.05, Newman-Keuls
test) nuclei in the patients than in the comparison sub-
jects. There was also no main effect of diagnosis for gluR3
mRNA, but there was a significant diagnosis-by-nucleus
interaction (F=3.37, df=5, 90, p<0.01) (Figure 8). Post hoc
analysis revealed a significantly lower level of gluR3 in the
central medial nucleus in the patients than in the compar-
ison subjects (p<0.05, Newman-Keuls test). There were no
significant differences in gluR2 mRNA, gluR4 mRNA, or
[3H]AMPA binding site expression (Figure 8).

Kainate Receptor Expression

All five subunit mRNAs and the [3H]kainate binding site
were expressed in all nuclei studied (Figure 9). This con-
trasts with results obtained from nonhuman primates, in
which gluR6 mRNA is the predominant kainate receptor
subunit in the thalamus (44, 59). There was no main effect
of diagnosis for KA2 mRNA levels, but there was a signifi-
cant diagnosis-by-nucleus interaction for this transcript
(F=3.46, df=5, 90, p<0.01) (Figure 10). Post hoc analysis
demonstrated significantly lower levels of KA2 mRNA in

the anterior (p<0.005, Newman-Keuls test), dorsomedial
(p<0.0005, Newman-Keuls test), lateral dorsal (p<0.005,
Newman-Keuls test), central medial (p<0.0005, Newman-
Keuls test), and ventral (p<0.05, Newman-Keuls test) nu-
clei in the patients than in the comparison subjects. There
were no significant differences in gluR5, gluR6, gluR7, or
KA1 mRNA expression or in [3H]kainate binding levels
(Figure 10).

Neuron-Specific Enolase

There was neither a significant main effect nor a signifi-
cant diagnosis-by-nucleus interaction in the expression of
this neuronal marker (46).

Discussion

In the present study, significantly lower levels of tha-
lamic glutamate receptor expression were detected in the
patients with schizophrenia than in the comparison sub-
jects, primarily involving the NMDA receptor and re-
stricted to limbic nuclei. To our knowledge, this is the first
demonstration of different ionotropic glutamate receptor
expression found in the thalamus in schizophrenia. The
differences in NMDA receptor expression are limited to
three of the five subunits and two of the four measured
binding sites, while abnormalities of AMPA and kainate re-
ceptor expression are limited to certain subunit mRNA
levels and do not involve differences in final receptor
binding site expression. Therefore, there are subunit and
binding site-specific abnormalities in ionotropic gluta-
mate receptor expression in the limbic thalamic nuclei in
schizophrenia.

FIGURE 6. N-Methyl-D-Aspartic Acid (NMDA) Receptor Binding Levels in the Thalamic Nuclei of Schizophrenia Patients and
Comparison Subjects

a Significant difference between the groups (analysis of variance and post hoc contrasts by means of the Newman-Keuls test).
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The observed differences in NMDA receptor subunit
mRNA levels may reflect differences in NMDA receptor
composition in the thalamus. NMDA receptor subunit
composition confers unique pharmacological characteris-
tics to assembled receptors. NMDAR1 homomers form
nonfunctional receptors that bind only glycine (60, 61), and
NMDAR2 subunits must coassemble with NMDAR1 for
functioning ligand-gated ion channels to result (62, 63).
The expression of certain binding sites is associated with
specific NMDAR2 subunits, particularly the NMDAR2A
subunit with competitive antagonists of the glutamate site
and NMDAR2B with the polyamine site (63–65). NMDA re-
ceptors containing NMDAR2A or NMDAR2B subunits bind
MK-801 more avidly than those containing NMDAR2C or
NMDAR2D subunits (63). In vitro studies have suggested
that MDL105,519 labels NMDAR1-containing NMDA re-
ceptors (53), while ifenprodil labels NMDAR2B-containing
NMDA receptors (63, 66). In some thalamic nuclei in the
current study, there was concordance between the low tran-
script and binding site levels found in schizophrenia. Both
the dorsomedial nucleus (NMDAR1/[3H]MDL105,519)
and the central medial nucleus (NMDAR2B/[3H]ifen-
prodil) demonstrate this concordance, which is consis-

tent with a postsynaptic localization of these receptors.
These results also show that differences in transcription
can vary the pharmacological phenotype of NMDA re-
ceptor populations.

Our current data suggest that there is lower glycine
binding site expression in some thalamic nuclei in schizo-
phrenia patients than in comparison subjects. Classic
pharmacology suggests that high thalamic glycine levels
might lead to a down-regulation of this site; there are no
data that directly address this possibility. Alternatively,
this down-regulation may be a pathological response to
normal or low glycine levels, leading to hypoactivity of
thalamic NMDA receptors. Perhaps the thalamus is one of
the anatomical targets for glycine agonist or partial ago-
nist therapy, which may be compensating for low levels of
binding sites by maximizing available glycine sites.

Polyamines also facilitate NMDA receptor-mediated
transmission at physiological concentrations. Ifenprodil
appears to label a site associated with the polyamine site
(66–69), so the present data suggest that there is a shift
away from polyamine-site-expressing NMDA receptors in
the thalamus. As with the glycine site, NMDA receptor
neurotransmission may be mitigated in the thalamus in

FIGURE 7. Distribution of AMPA Receptor Subunit mRNA and the [3H]AMPA Binding Site in Thalamic Nucleia

a All four subunit mRNAs and the [3H]AMPA binding site were detectable but all at very low levels of expression relative to the NMDA receptor
subunit mRNAs and binding sites.
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schizophrenia because polyamine facilitation of NMDA
receptor currents cannot be fully exploited. Perhaps
ligands targeting the polyamine site may also prove thera-
peutic for schizophrenia.

Both AMPA and kainate receptors may facilitate NMDA
receptor-mediated neurotransmission; the NMDA hypo-
activity postulated in schizophrenia may be associated
with differences in AMPA or kainate receptor expression,
rather than with a primary problem with NMDA receptor
expression. The low levels of gluR1 and gluR3 found, with-
out a difference in [3H]AMPA binding site levels, suggests
that there may be a relatively higher level of gluR2 and
gluR4 subunits in assembled AMPA receptors in the thala-
mus in schizophrenia. Studies have shown that gluR2-
containing AMPA receptors have low calcium conduc-
tance (16, 70). Therefore, a lower AMPA receptor-mediated
activity in schizophrenia patients than in comparison
subjects may lead to a lower facilitation of NMDA receptor
activity, which is consistent with our hypothesis. Likewise,
the lower amount of KA2 subunits seen in our schizophre-
nia patients than in the comparison subjects may affect
kainate receptor-mediated activity. KA2 subunits do not
form homomers, but their coassembly with gluR5 or gluR6
subunits leads to kainate receptors with higher conduc-
tances (71–73). Consequently, a lower level of KA2 expres-
sion may result in a lower facilitation of NMDA receptor
activity by kainate receptors. Lower heteroreceptor facili-
tation of NMDA receptor activity in schizophrenia pa-
tients appears to be limited to ionotropic glutamate recep-
tors, since we did not detect any differences in thalamic
metabotropic glutamate receptor expression in a separate
study of these same subjects (46). Taken together, these

data suggest that subtle differences in AMPA and kainate
receptor subunit composition may result in lower heter-
oreceptor facilitation of NMDA receptor activity in the
limbic thalamus in schizophrenia patients than in com-
parison subjects.

Previous studies have demonstrated a lower neuronal
number in some thalamic nuclei in schizophrenia pa-
tients than in comparison subjects, which we did not de-
tect using the neuronal marker neuron-specific enolase
(7, 8, 46, 74). We were only able to examine thalamic nuclei
at a single cross-sectional level and did not have the entire
extent of the nucleus on which to perform stereology or
systemic examination of neuron-specific enolase ex-
pression. However, the previously demonstrated lower
amounts of both neuron number and total thalamic vol-
ume in schizophrenia patients than in comparison sub-
jects may not result in overall differences in cell density,
which is consistent with our neuron-specific enolase data.
Furthermore, we might expect parallel lower levels in all
glutamate receptor subunit mRNAs in schizophrenia pa-
tients than in comparison subjects if our current results
were just a reflection of lower cell numbers. Therefore, we
doubt that putative cellular abnormalities in the thalamus
in schizophrenia are the explanation for our findings, al-
though our data could be consistent with a selective loss of
a subpopulation of thalamic neurons that selectively ex-
press NMDAR1 and NMDAR2C subunits.

Lower levels of expression of ionotropic glutamate re-
ceptor subunit mRNAs and NMDA receptor binding sites
in schizophrenia patients than in comparison subjects ap-
pear to be restricted to glutamatergic relay nuclei, which
are reciprocally connected with structures that have been

FIGURE 8. AMPA Receptor Subunit mRNA and [3H]AMPA Binding Levels in the Thalamic Nuclei of Schizophrenia Patients
and Comparison Subjects

a Significant difference between the groups (analysis of variance and post hoc contrasts by means of the Newman-Keuls test).
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implicated in schizophrenia. The centromedial nucleus,
which is a major thalamic relay between prefrontal, cingu-
late, and other limbic cortical areas (55, 75) and the nucleus
accumbens (76), has significantly lower levels of expression
of NMDAR1, NMDAR2B, NMDAR2C, gluR1, gluR3, and KA2
mRNA and [3H]ifenprodil binding in schizophrenia pa-
tients than in comparison subjects. The dorsomedial nu-
cleus, which projects primarily to the prefrontal cortex (77,
78) and receives input from the amygdala, cortical areas,
and the midbrain (79–81), shows lower levels of expression
of NMDAR1, NMDAR2C, gluR1, and KA2 mRNAs and
[3H]ifenprodil and [3H]MDL105,519 binding sites in schizo-
phrenia patients than in comparison subjects. The anterior
nucleus, which projects to the cingulate gyrus (82, 83) and
receives input primarily from the subiculum (82, 83), ex-
presses lower levels of NMDAR2C mRNA and [3H]ifenprodil
binding in schizophrenia, and the lateral dorsal nucleus,
which receives input from the hippocampus and projects to
the cingulate gyrus (82, 83), shows lower NMDAR2C and
KA2 mRNA expression. Our data reveal low levels of KA2
mRNA only in the ventral nuclei of schizophrenia patients,
which project to somatosensory, motor, and premotor cor-
tical areas (55, 84, 85); these regions are probably not impli-
cated in the pathophysiology of schizophrenia. Similarly,
our data reveal no lower levels of binding or transcript ex-

pression in the reticular nuclei of schizophrenia patients,
which utilize GABAergic projections to other thalamic nu-
clei (55, 86). There appears to be a continuum of abnormal
glutamate receptor expression, with regions projecting to
the prefrontal cortex having the greatest degree of abnor-
mality, to nonlimbic thalamic areas having few, if any, ab-
normalities. These findings suggest that low glutamate re-
ceptor expression occurs in the thalamic areas that are
components of complex cortical and subcortical circuitry
associated with the pathophysiology of schizophrenia.

The hypoactivity of the thalamus seen in imaging stud-
ies of schizophrenia may be associated with concomitant
low level of neurons. However, our present data suggest
that the hypoactivity may also be related to a lower level
of NMDA receptor-mediated activity. NMDA receptors
are the predominant transducer of glutamatergic neu-
rotransmission in the thalamus (17), so an illness-associ-
ated low level of NMDA receptor activity may manifest as
low metabolic activity in the thalamus as well as in its ef-
ferent targets.

This study has a number of limitations that should be
considered when interpreting these data. As in most stud-
ies of schizophrenia that rely on postmortem tissue, there
is the potential confounding variable of antipsychotic ex-
posure. Although it is clear that antipsychotic exposure

FIGURE 9. Distribution of Kainate Receptor Subunit mRNA and the [3H]Kainate Binding Site in Thalamic Nuclei
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may alter thalamic metabolism and immediate early gene
expression (87–90), antipsychotics have not been found,
at least in one study (91), to regulate NMDA receptor ex-
pression. Nonetheless, some of these results could be due
to the effects of chronic antipsychotic treatment. Similarly,
these results could be in part attributable to the effects of
chronic institutionalization, as this is an older inpatient
population; the comparison group was from neighboring
nursing homes, and this may at least in part control for
some aspects of residential care. It should be appreciated
that these data are from an older cohort of subjects, and
although the resulting data are perhaps a fair reflection of
thalamic neurochemical anatomy in schizophrenia in
later life, they may not generalize to younger patients. Ac-
cordingly, although these findings are intriguing, whether
they are primarily due to schizophrenia or are a secondary
condition associated with having this chronic illness for
many decades cannot be answered by these results.

Our results demonstrate that glutamate receptor ex-
pression in the thalamus of schizophrenia patients is dif-
ferent from that found in the thalamus of comparison
subjects at both transcriptional and posttranscriptional
levels, but the differences are most prominent in nuclei
with reciprocal projections to limbic regions. These results
also suggest that differences in NMDA receptor subunit
mRNA levels affect the expression of polyamine and gly-
cine binding sites in the thalamus of schizophrenia pa-
tients, highlighting the importance of examining receptor
expression at multiple levels of gene expression. Combi-
nation therapy with positive modulators of both the gly-
cine and polyamine sites of NMDA receptors may prove to
be an efficacious treatment strategy for schizophrenia.
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