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Objective: NMDA receptor dysfunction
has been implicated in the pathophysiol-
ogy of schizophrenia. The NMDA receptor
is a multimeric ligand-gated ion channel,
and the obligate NRq subunit is expressed
as one of eight isoforms due to the alter-
native splicing of exons 5, 21, and 22. Al-
ternative splicing of NRq subunits modu-
lates receptor function by influencing the
association of NRq with other NMDA re-
ceptor subunits and myriad intracellular
molecules, such as the postsynaptic den-
sity family of proteins that target NMDA
receptors to the synaptic membrane and
couple it to numerous signal transduction
enzymes. Recently, the authors reported
that the NMDA receptor subunits NRq and
NRzc are abnormally expressed in the
thalamus in schizophrenia. They hypoth-
esized that this reduction is associated
with specific NRq isoforms and that NMDA
receptor-related postsynaptic density pro-
teins are abnormally expressed.

Method: Using in situ hybridization, the
authors examined expression of the tran-
scripts encoding NR; isoforms containing
exons 5, 21, or 22, and the NMDA recep-
tor-related postsynaptic density proteins
NF-L, PSD93, PSD95, and SAP102.

Results: Reduced NR7 subunit transcript
expression was restricted to exon 22-con-
taining isoforms. Increased expression of
the NMDA receptor-associated postsynap-
tic density proteins NF-L, PSD95, and
SAP102 was also detected in the thalamus
of subjects with schizophrenia.

Conclusions: These data support the hy-
pothesis of glutamatergic abnormalities
in schizophrenia and suggest that gluta-
matergic dysfunction may occur not only
at the level of receptor expression but
also within intracellular pathways associ-
ated with glutamate receptor-associated
signal transduction.

(Am J Psychiatry 2003; 160:1100-1109)

Wlile prefrontal and temporal cortical dysfunction

are associated with schizophrenia, recent attention has fo-
cused on the role of the thalamus in this illness (1, 2). The
thalamus plays a critical role in the processing and inte-
gration of sensory information relevant to emotional and
cognitive function. Abnormal thalamic activity, or a dis-
turbance of corticothalamic circuitry, may contribute to
sensory and cognitive deficits that schizophrenia patients
often experience (3). In fact, multiple thalamic abnormal-
ities have been reported in schizophrenia. Neuroimaging
studies have consistently reported decreased thalamic
volume (4-7) and altered metabolism (8-10) in patients
with schizophrenia. Postmortem morphometric studies
and magnetic resonance imaging investigations have
found volume loss in specific thalamic nuclei, including
the dorsomedial (6, 11-13), central medial, posteromedial
(6), and anterior (6, 14) nuclei as well as the pulvinar (11).
Itis of interest that thalamic cell loss is most often found in
the dorsomedial and anterior nuclei (which are recipro-
cally connected to limbic brain regions frequently impli-
cated in schizophrenia) but not in nuclei with primarily
nonlimbic projections (13).
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While there is evidence of structural and functional tha-
lamic changes in patients with schizophrenia, few studies
have examined associated neurochemical abnormalities
(15-18). Thalamic efferents, as well as corticothalamic and
sensory afferents, predominately use glutamate as a neu-
rotransmitter, which activates ionotropic (NMDA, AMPA,
kainate) and metabotropic receptors expressed through-
out thalamic nuclei. Several lines of investigation have im-
plicated glutamatergic dysfunction in the pathophysiol-
ogy of schizophrenia (19, 20). The glutamatergic
hypothesis of schizophrenia rests largely on pharmacolog-
ical observations, since NMDA receptor blockade with
dissociative anesthetics like phencyclidine produces psy-
chosis and cognitive deficits in normal subjects and exac-
erbates these symptoms in patients with schizophrenia
(21). Moreover, enhancing NMDA receptor-mediated neu-
rotransmission either with D-cycloserine (an agonist of
the glycine/D-serine co-agonist site of the NMDA recep-
tor) or ampakines (which stimulate AMPA receptors and
indirectly enhance NMDA receptor function) improves
negative symptoms in some patients (20, 22). Finally, post-
mortem studies have identified abnormalities of gluta-
mate receptor expression and subunit composition in
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FIGURE 1. NMDA Receptor and Associated Postsynaptic Density Molecules Embedded in the Postsynaptic Membrane?
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4 The postsynaptic density proteins PSD95, SAP102, and PSD93 contain regions that bind the NR, C-terminus and other intracellular molecules
such as neuronal nitric oxide synthase (nNOS) and guanylate kinase-associated protein (GKAP). These proteins link the NMDA receptor to sig-
nal transduction pathways. The postsynaptic density proteins NF-L and Yotiao interact with exon 21-containing NRq subunits, which link the
receptor to the cytoskeleton and the signal transduction enzyme protein phosphatase-1 (PP1).

multiple limbic brain regions implicated in schizophrenia,
including the thalamus (15), prefrontal cortex (19, 23, 24),
and temporal lobe structures (25-28). Together, these
findings suggest that a perturbation of NMDA receptor-
mediated glutamate neurotransmission in the thalamus
and other limbic structures may contribute to the patho-
physiology of schizophrenia.

The NMDA receptor is a multimeric ligand-gated ion
channel formed by subunits encoded by seven genes: NR;,
NRoa-p, and NR3za-p (29, 30). NR; is an obligate subunit ex-
pressed as one of eight isoforms, due to the alternative
splicing of exons 5, 21, and 22 (29). Exon 5 encodes an N-
terminal cassette that influences receptor desensitization
and sensitivity to protons, zinc ions, and polyamines (31).
Exons 21 and 22 encode two C-terminal cassettes (C1 and
C2). These C-terminal cassettes modulate NMDA receptor
function by influencing the association of NMDA receptor
subunits with each other (32) and with other intracellular
molecules, including protein kinase C (33), calmodulin
(34), and postsynaptic density-associated proteins like
PSD95 (35, 36). These intracellular molecules modulate
NMDA receptor activity and participate in signal trans-
duction pathways. Consequently, alternative splicing of
NR; has a substantial impact on NMDA receptor struc-
ture, function, and related intracellular signaling.
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Glutamate neurotransmission involves not only gluta-
mate receptors but also intracellular molecules enriched
in postsynaptic density proteins. PSD95, the prototype of
this family, and related proteins contain domains that
bind the C-termini of NMDA receptor subunits, cytoskele-
tal proteins, and signal transduction enzymes (Figure 1).
Through protein-protein interactions, PSD95 promotes
clustering and anchoring of the NMDA receptor at the
postsynaptic density (35), modulates NMDA receptor sen-
sitivity to glutamate (37), and, perhaps most importantly,
assembles signaling complexes that coordinate NMDA re-
ceptor-related intracellular processes (38). An alteration of
the expression of PSD95-like molecules, or of the interac-
tion between NMDA receptor subunits and these proteins,
can impede NMDA receptor-mediated intracellular sig-
naling. To date, two studies have examined the expression
of PSD95 in schizophrenia and reported increased mRNA
expression in the occipital cortex (24) and decreased ex-
pression in Brodmann’s area 9 of the prefrontal cortex (39)
but no change in area A6 of the prefrontal cortex (24) or
hippocampus (39).

We have reported alterations of glutamatergic mole-
cules in the thalamus in schizophrenia (15-17), including
decreased expression of NR; subunit transcripts and de-
creased binding to the polyamine and glycine sites of the
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TABLE 1. Demographic and Mortality Data for Schizophrenia and Comparison Subjects Examined Postmortem for
Thalamic Expression of NDMA Receptor-Associated Transcripts and Proteins

Postmortem Interval

Subject Number Sex Age (years) (minutes) Laterality Cause of Death
Comparison subjects (N=8)
1 F 86 280 Left Unknown
2 M 70 482 Left Lower gastrointestinal bleeding
3 M 55 600 Left Lymphoma
4 F 96 195 Left Cardiopulmonary failure
5 F 90 250 Left Cardiopulmonary failure
6 F 74 180 Right Cardiopulmonary failure
7 F 82 230 Left Cardiopulmonary failure
8 F 64 1,145 Left Cardiopulmonary failure
Schizophrenia subjects (N=13)
9 F 86 416 Right Cardiac failure, pneumonia
10 M 61 212 Left Cardiac failure
11 M 69 270 Right Myocardial infarction
12 M 72 1,235 Left Cardiopulmonary failure
13 M 63 372 Left Cardiopulmonary failure
14 F 69 820 Left Cardiopulmonary failure
15 M 68 335 Left Cardiopulmonary failure
16 F 64 392 Left Cardiopulmonary failure
17 M 61 169 Left Cardiac failure
18 F 73 625 Right Cardiopulmonary failure
19 F 79 1,225 Left Cardiac failure
20 M 66 725 Right Cardiac failure
21 F 76 1,270 Left Cardiogenic shock

NMDA receptor, with the most prominent changes occur-
ring in nuclei reciprocally linked to limbic regions (15). In
the present study, we hypothesized that this reduction of
NR; subunits is specifically associated with particular iso-
forms and used in situ hybridization to determine tran-
script expression for exon 5-, 21-, and 22-containing NR;
isoforms in the thalamus. We also determined whether the
expression of the PSD95 family of molecules is altered in
the thalamus in schizophrenia by using in situ hybridiza-
tion to measure the transcript expression of a set of NMDA
receptor-associated postsynaptic density proteins in these
same subjects.

Method

Thirteen subjects with schizophrenia and eight nonpsychiatri-
cally ill individuals from the Mount Sinai Medical Center Brain
Bank were studied (Table 1). Next of kin consent was obtained for
each subject. There were no significant differences between the
diagnostic groups in age (t=1.59, df=19, p=0.12), postmortem in-
terval (t=1.18, df=19, p=0.25), or sex distribution (x2=1.68, df=1,
p=0.19). Each schizophrenia and comparison brain underwent
neuropathological examination, and Alzheimer’s disease was
specifically ruled out in each case. Brains were prepared by slicing
one hemisphere into 1-cm coronal slabs, which were snap frozen.
Blocks containing thalamus were cryostat-sectioned (20 um
thick), thaw-mounted onto poly-L-lysine-subbed microscope
slides, dried, and stored at -80°C. Two slides per subject were pre-
pared for in situ hybridization for each probe.

Antisense oligodeoxyribonucleotides were synthesized for NR;
exons 5 (corresponding bases 1022-1066), 21 (3152-3196), and 22
(3258-3302) to use as in situ hybridization probes. Regions of
minimal homology to other genes were identified and verified
through a search of Genbank and EMBL databases, using the Na-
tional Center for Biotechnology Information BLAST network ser-
vice. Antisense oligonucleotides were purified by high-perfor-
mance liquid chromatography, diluted to a concentration of 1 ug/
uL and stored at —20°C. Oligonucleotides were terminally labeled
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with 50 uCi of [3*S]dATP (New England Nuclear, Boston) with 1.5-
ul terminal deoxynucleotidyl transferase (Boehringer-Mann-
heim, Mannheim, Germany) and used for in situ hybridization as
we have previously described in an earlier report examining the
distribution of these exons in macaque thalamus (40).

We performed in situ hybridization with riboprobes to deter-
mine the thalamic expression of transcripts encoding the NMDA
receptor-related postsynaptic density proteins NF-L, PSD93,
PSD95, SAP102, and Yotiao. We amplified unique regions of NF-L
(Genbank accession number: X05608, nucleotide coding region:
456-950), PSD93 (NM_001364, 587-1082), PSD95 (U83192, 1254-
1744), SAP102 (U49089, 204-713), and Yotiao (5032230, 3652-
4207) from a human brain cDNA library (EdgeBiosystems, Gaith-
ersburg, Md.) by using polymerase chain reaction (PCR). Ampli-
fied cDNA segments were extracted (QIAquick Gel Extraction Kit,
Qiagen, Valencia, Calif.), subcloned (Zero Blunt TOPO PCR clon-
ing kit, Invitrogen, Carlsbad, Calif.), and confirmed by nucleotide
sequencing (Thermo Sequenase Radiolabeled Termination Cycle
Sequencing Kit, USB, Cleveland). Linearized subclones were used
to synthesize [*>S]UTP-labeled riboprobes, as we have previously
described (40).

To ensure the specificity of in situ hybridization signals, multi-
ple control studies were performed. For the NR; splice variants,
adjacent slides were incubated with either labeled probe for exon
5,21, or 22, or labeled probe in the presence of 100-fold excess of
unlabeled oligonucleotide. For the postsynaptic density proteins,
adjacent sections were incubated with sense strand probes and
processed as previously described (40). One set of these slides was
exposed to Kodak film for 7-60 days, and a second set was dipped
in Kodak NTB-2 emulsion and stored at 4°C for 21-90 days prior
to developing (41).

Film-based images were analyzed for mRNA expression on a
nucleus-by-nucleus basis. As we have previously described (15),
we identified six discrete thalamic nuclei in each section: ante-
rior, dorsomedial, central medial, ventral anterior, reticular, and
pooled ventral tier nuclei. The nuclei were identified based on
cellular and white matter patterns, defined by cresyl violet and
gold chloride staining of sections from each subject (15). Tissue
background values from adjacent white matter were subtracted
from grayscale values for each nucleus and converted to optical
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TABLE 2. Thalamic Expression of NMDA Receptor NR; Isoforms Containing Exons 5, 21, or 22 in Schizophrenia (N=13) and

Comparison (N=8) Subjects

Optical Density Value

Exon 5 Exon 21 Exon 222
Comparison Comparison Comparison
Schizophrenia Group Schizophrenia Group Schizophrenia Group

Thalamic Nuclei Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Anterior 0.024 0.010 0.020 0.013 0.019 0.013 0.015 0.009 0.052 0.021 0.063 0.034
Central medial 0.024 0.014 0.022 0.011 0.019 0.013 0.020 0.012 0.059 0.022 0.063 0.030
Dorsomedial 0.021 0.010 0.034 0.024 0.015 0.009 0.018 0.014 0.052 0.020 0.066 0.033
Pooled ventral tier 0.022 0.007 0.022 0.011 0.016 0.005 0.021 0.018 0.045 0.014 0.056 0.023
Ventral anterior 0.018 0.010 0.021 0.009 0.016 0.008 0.020 0.017 0.054 0.019 0.063 0.027
Reticular 0.018 0.008 0.019 0.013 0.013 0.005 0.020 0.016 0.030 0.009 0.035 0.016

2 There was a significant reduction of NRq exon 22-containing isoforms in the thalamus of schizophrenia subjects relative to comparison group
(ANOVA F=4.34, df=1, 114, p<0.04), but there was no main effect of diagnosis for NR; isoforms containing either exon 5 or exon 21.

density. Data from the NMDA receptor isoform study are ex-
pressed as optical density values (Table 2). Postsynaptic density
protein data are expressed as mRNA concentrations. The amount
of radioactivity bound (in nCi/g) was determined by using ['4C]
microscale standards (Amersham Biosciences, Piscataway, N.J.)
(42), which were exposed on the same film as the slides for each
study. The number of labeled uridine nucleotides contained in
each riboprobe and the specific activity of the [35S]UTP were then
used to convert bound radioactivity to concentration of mRNA
per nucleus, expressed as fmol/g. For all studies, values for each
nucleus from two sections per subject were averaged and used for
statistical analysis, which was performed for each probe by two-
way analysis of variance, with nucleus and diagnosis as indepen-
dent variables, and optical density values (exon studies) or mRNA
concentrations (postsynaptic density protein studies) as the de-
pendent variables. The Kolmogorov-Smirnov test was used to en-
sure normality of all data. Analysis of covariance was performed
with age and postmortem interval as covariates, and Pearson
product-moment correlations were used to determine relation-
ships between continuously distributed variables. For all tests, al-
pha=0.05.

Results

NMDA Receptor NR; Isoform Expression

NMDA receptor NR; isoform transcripts containing ex-
ons 5, 21, and 22 were expressed in all thalamic nuclei
(Figure 2 and Table 2). Exon 22-containing transcripts
were the most abundant, with relatively lower levels of
exon 5 and 21 transcripts detected. Expression of exon 22-
containing isoforms was significantly decreased in the
thalamus of the schizophrenia subjects (F=4.34, df=1, 114,
p<0.04). The expression of NR; isoforms containing exons
5 and 21 were not significantly different between groups.
There were no significant diagnosis-by-nucleus interac-
tions for any of the three isoforms. Correlation analysis re-
vealed that the expression levels of each splice variant cor-
related with neither age (r=—0.19 to 0.20, p=0.38-0.57) nor
postmortem interval (r=-0.14 to 0.29, p=0.20-0.88).

MRNA Expression of Postsynaptic
Density Proteins

Transcripts encoding NF-L, PSD95, SAP102, and PSD93
were expressed in all nuclei studied (Figure 3), but negligi-
ble levels of Yotiao mRNA were found (data not shown).
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NF-L transcripts were abundantly expressed throughout
the thalamus. PSD95 transcripts were also abundant and
were enriched in the dorsal and anterior nuclei. There were
moderate levels of SAP102 transcripts but low levels of
PSD93. NF-L mRNA expression was 23% higher in the thal-
amus in schizophrenia subjects (Figure 4). There was a21%
increase in PSD95 transcripts in schizophrenia subjects
and a 32% increase in SAP102 transcripts (Figure 4). Ex-
pression of PSD93 mRNA was not significantly different
between groups. We did not detect significant diagnosis-
by-nucleus interactions for any of the postsynaptic density
protein transcripts. The inclusion of age and postmortem
interval as covariates in our analyses did not alter these re-
sults for any molecule. Correlation analysis showed that
postsynaptic density protein transcripts did not correlate
significantly with either age (r=—0.38 to 0.18, p=0.09-0.97)
or postmortem interval (r=—0.29 to 0.28, p=0.19-0.82).

In Situ Hybridization Control Experiments

For each of the NR; splice variant studies, no specific
hybridization was observed in thalamic tissue incubated
with labeled oligonucleotides for each exon in the pres-
ence of excess unlabeled probe (Figure 2). Similarly, in the
postsynaptic density protein experiments, no signal was
observed in tissue hybridized with sense strand ribo-
probes (Figure 3). Emulsion-dipped slides that had been
incubated with antisense strand probes for each postsyn-
aptic density protein demonstrated the cellular localiza-
tion of these transcripts in the thalamus (Figure 3). NF-L
transcripts were primarily concentrated in large gluta-
matergic relay neurons (Figure 3). PSD95 transcripts were
present in both relay cells and small GABAergic interneu-
rons (Figure 3). SAP102 transcripts were expressed in nu-
merous cells in the thalamus, while PSD93 mRNA expres-
sion was quite sparse (Figure 3).

Discussion

We recently reported alterations in the expression of
NMDA receptor subunits NR; and NRyc and other mole-
cules involved in glutamatergic neurotransmission in the
thalamus of subjects with schizophrenia (15-17). In the
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FIGURE 2. Transcript Expression of NMDA Receptor NR, Isoforms Containing Exon 5, 21, or 222
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4 The antisense row shows representative sections labeled with radiolabeled oligonucleotide probes for each exon, and the cold excess row
shows adjacent sections incubated with excess unlabeled oligonucleotide. The tail of the caudate nucleus is readily apparent in the case of

exon 22.

present study, using the same subjects that were used in
these earlier studies, we have characterized the thalamic
expression of NR; subunit isoforms in schizophrenia and
found that this reduction is restricted to exon 22-contain-
ing isoforms. Moreover, we have examined the expression
of postsynaptic density proteins that associate with NMDA
receptor subunits and found a significant increase in the
transcript expression of the NR;-associated protein NF-L
and NRy-associated proteins PSD95 and SAP102.

The NMDA NR; subunit is obligate, and numerous
studies have indicated that alternative splicing of the N-
and C-terminal cassettes produces functionally distinct
NMDA channels (31). Our results are consistent with pre-
vious reports of NR; splice variant expression patterns in
the rodent, macaque, and human brain (40, 43-45). Exon
5-containing isoforms are generally rare but are expressed
at low to moderate levels in the rodent (45) and macaque
thalamus (40). Moderate to high levels of expression of
exon 22-containing isoforms have been reported in the
cortex, hippocampus, striatum, and thalamus of rat (45)
and macaque (40). Our results coincide with this work,
since we found modest levels of exon 5-containing iso-
forms and relatively high levels of exon 22-containing iso-
forms in the human thalamus, consistent with the relative
expression of these exons in macaque (40).

Altered NR; subunit isoforms may reflect changes in
NMDA receptor subunit composition, which in turn may
have significant functional consequences, since alterna-
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tive splicing of exons 5, 21, and 22 can modulate NMDA re-
ceptor localization and function (33, 34, 46). Most studies
have focused on the functional significance of the exon 5-
encoded N1 cassette, the exon 21-encoded C1 cassette, or
the C2’ cassette, which is a unique C-terminal tail that is
produced when the exon 22-encoded C2 cassette is ex-
cluded. Omission of exon 5 modifies NMDA receptor de-
sensitization and its sensitivity to protons, zinc ions, and
polyamines (31). Alternative splicing of the C1 cassette re-
duces protein kinase C potentiation of NMDA receptor
activity (46, 47) and also influences the receptor’s intra-
cellular distribution (48) and cell surface expression (49).
NR; isoforms that contain both C1 and C2 cassettes are
expressed at low levels on the cell membrane in vitro,
whereas isoforms that contain only the C2’ domain are
highly expressed (49). It is of interest that the C2’ cassette
contains a PDZ-binding sequence that is thought to be in-
volved in trafficking the NMDA receptor to the synaptic
membrane (50, 51), suggesting that NR; isoforms differen-
tially interact with postsynaptic density proteins and
other cytoskeletal components to target the NMDA recep-
tor to the postsynaptic density proteins.

We observed a specific reduction of NR; isoform tran-
scripts containing exon 22 in the thalamus in schizophre-
nia. We did not detect a change in the expression of exon
5 or 21 transcripts. Because of the low expression levels of
these two isoforms, however, our inability to find a further
decrease of one or both in schizophrenia may be a floor
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FIGURE 3. Transcript Expression of NMDA Receptor-Related Postsynaptic Density Proteins?
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2 The antisense and sense columns show film autoradiograms of adjacent sections treated with either antisense or sense strand riboprobes for
each transcript. The emulsion column shows bright-field micrographs of emulsion-dipped slides labeled for each transcript, demonstrating
cellular localization within the dorsomedial nucleus for each probe. NF-L transcripts were abundant and primarily expressed in large
glutamatergic relay neurons. PSD95 transcripts were present in both relay cells and small GABAergic interneurons. SAP102 transcripts were
expressed primarily in large glutamatergic cells. PSD93 transcripts were expressed at low levels.

effect. Given the paucity of information regarding the
functional role of the exon 22-encoded C2 cassette, it is
difficult to interpret what effect would result from de-
creased expression of exon 22-containing isoforms. When
the C2 cassette is excluded, it is replaced by the C2’ cas-
sette, so perhaps downregulating the expression of the C2
cassette results in greater numbers of isoforms with C2’,
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which are more likely to be transported to the cell surface
(49).

PSD95 and similar NR»-associated proteins, SAP102 and
PSD93, contain domains that bind numerous intracellular
molecules, including the C-termini of NR; subunits, cy-
toskeletal proteins, and signal transduction enzymes (38),
which influence NMDA receptor function and NMDA re-
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FIGURE 4. Thalamic Expression of NMDA Receptor-Associated Postsynaptic Density Protein Transcripts in Schizophrenia
(N=13) and Comparison (N=8) Subjects?
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b Significantly higher mRNA expression in the schizophrenia subjects (F=5.14, df=1, 114, p<0.03).
¢ Significantly higher mRNA expression in the schizophrenia subjects (F=3.99, df=1, 114, p<0.05).
dSignificantly higher mRNA expression in the schizophrenia subjects (F=11.09, df=1, 114, p=0.001).

ceptor-associated intracellular processes (38, 52). We
found a significant increase in the transcript expression of
PSD95 and SAP102, but not PSD93, in the thalamus in
subjects with schizophrenia. The total pool of postsynap-
tic density proteins may be increased in schizophrenia in
an attempt to compensate for decreased thalamic ex-
pression of NMDA receptors. Enhanced expression of
postsynaptic density molecules may lead to an enhanced
association of the postsynaptic density proteins with the
remaining NMDA receptor subunits, an intracellular ad-
aptation to attempt to maintain homeostasis of NMDA re-
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ceptor-related intracellular signaling in the face of de-
creased NMDA receptor expression or in response to a
general deficit in glutamate neurotransmission.
Widespread interest in the NR; subunit-associated
PSD95 family of proteins has prompted the investigation
of intracellular proteins that interact with the NR; subunit
(53, 54). Two proteins, NF-L (53) and Yotiao (54), have
been identified as proteins that interact with exon 21-con-
taining isoforms. NF-L, along with the two other neurofil-
ament subunits, NF-heavy and NF-medium, are among
the most abundant cytoskeletal elements and play an im-

Am | Psychiatry 160:6, June 2003



portant role in the maintenance of neuronal structure
(55). NF-L may also be involved in directing NMDA recep-
tors to the postsynaptic density or linking it to the synaptic
cytoskeleton (48, 53). NF-L interacts with protein phos-
phatase-1 (PP1), a major protein/serine/threonine phos-
phatase that is involved in numerous intracellular pro-
cesses (56). Although the functional significance of this
NF-L/PP1 interaction is not fully understood, it has been
suggested that NF-L may bind PP1 and position it to de-
phosphorylate other postsynaptic density proteins, such
as NMDA receptor subunits, or CamKII (57).

We found that NF-L mRNA expression was significantly
elevated in the thalamus in subjects with schizophrenia.
Although a portion of NF-L protein in the cell may interact
with the NR; subunit to participate in NMDA receptor
function, the majority of NF-L associates with the other
neurofilament subunits to maintain the neuronal cyto-
skeleton. It is not possible to determine if the elevated NF-
L mRNA we found in schizophrenia subjects translates
into greater amounts of NF-L protein interacting with
NMDA receptors, which might serve to boost an impaired
glutamatergic system, or if it is part of a more general cy-
toskeletal response to the illness.

Our study has several limitations. These data are from
elderly subjects, so generalization of our findings to
younger patients should be made with caution. A limita-
tion of all postmortem studies in schizophrenia is the pos-
sible effect of chronic neuroleptic treatment, since these
medications potentially regulate the systems under study.
While antipsychotic medications have been shown to alter
thalamic metabolism and immediate early gene expres-
sion (58-60), they do not appear to affect thalamic NMDA
receptor expression (61). To date, no studies have directly
examined the effect of neuroleptics on the expression of
NMDA receptor-related postsynaptic density molecules.
However, Dracheva and colleagues (24) reported altered
PSD95 and NMDA receptor subunit expression in the pre-
frontal and occipital cortices in schizophrenia and found
that these transcripts did not differ between patients who
were taking antipsychotic medication within 6 weeks of
death and those who were medication-free for greater
than 6 weeks (24).

Numerous studies support a hypothesis of glutamater-
gic dysfunction in schizophrenia. While there are reports
of abnormal ionotropic glutamate receptor expression in
various limbic regions in schizophrenia, the pathophysiol-
ogy of this illness may not be solely associated with abnor-
mal receptor expression. Rather, it may also involve ab-
normalities of the intracellular signaling machinery that is
linked to the NMDA receptor. The recently identified
PSD95 family of molecules represents an important link
between the NMDA receptor and the intracellular en-
zymes that mediate NMDA receptor-associated signaling.
Abnormal expression of these postsynaptic density pro-
teins, or an alteration of the interaction between NMDA
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receptors and these proteins, may significantly impact
NMDA receptor-associated signal transduction. In this
study, we show that three of these NMDA receptor-associ-
ated postsynaptic density proteins are abnormally ex-
pressed in the thalamus in schizophrenia. These data pro-
vide further evidence of glutamatergic dysfunction in
schizophrenia and suggest that glutamatergic abnormali-
ties in this illness may occur not only at the level of recep-
tor expression but also within intracellular pathways
associated with glutamate receptor-associated signal
transduction.
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