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ABSTRACT
The excitatory amino acid transporters (EAATs) are a family of
plasma membrane proteins that maintain synaptic glutamate concentration by removing glutamate from the synaptic cleft. EAATs are expressed by glia (EAAT1 and
EAAT2) and neurons (EAAT3 and EAAT4) throughout the brain. Glutamate reuptake
is regulated, in part, by EAAT-interacting proteins that modulate subcellular localization and glutamate transport activity of the EAATs. Several lines of investigation support the hypothesis of glutamatergic abnormalities in schizophrenia. Previous work in
our laboratory demonstrated increased expression of EAAT1 and EAAT2 transcripts in
the thalamus, suggesting that alterations in synaptic glutamate levels may contribute
to the pathophysiology of schizophrenia. Since EAAT-interacting proteins regulate
EAAT function, directly impacting glutamatergic neurotransmission, we hypothesized
that expression of EAAT-interacting proteins may also be altered in schizophrenia.
Using in situ hybridization in subjects with schizophrenia and a comparison group, we
detected increased expression of JWA and KIAA0302, molecules that regulate EAAT3
and EAAT4, respectively, in the thalamus in schizophrenia. In contrast, we did not
ﬁnd changes in the expression of transcripts for the EAAT2 and EAAT4 regulatory
proteins GPS-1 and ARHGEF11. To address prior antipsychotic treatment in our
schizophrenic subjects, we treated rats with haloperidol and clozapine for 4 weeks,
and found changes in transcript expression of the EAAT-interacting proteins in clozapine-, but not haloperidol-, treated rats. These ﬁndings suggest that proteins associated with the regulation of glutamate reuptake may be abnormal in this illness, supporting the hypothesis of altered thalamic glutamatergic neurotransmission in schizophrenia. Synapse 59:394–402, 2006. V 2006 Wiley-Liss, Inc.
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INTRODUCTION
The glutamate hypothesis of schizophrenia is based,
in part, on the observation that phencyclidine, an
NMDA receptor antagonist, can trigger schizophreniform symptoms in nonpsychotic subjects and exacerbate psychotic symptoms in schizophrenia (Itil et al.,
1967; Lahti et al., 1995; Luby et al., 1962). Supporting this hypothesis, postmortem studies have revealed
region-speciﬁc alterations in molecules involved in
glutamate transmission in this illness. These ﬁndings
include changes in the expression of ionotropic glutamate receptor subunits and glutamate transporters,
suggesting that abnormalities in postsynaptic and
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presynaptic neurons, as well as glial cells, may contribute to the pathophysiology of schizophrenia (Harrison et al., 2003; Lewis et al., 2003; Meador-Woodruff
et al., 2003; Scarr et al., 2005).
Glutamate is released from presynaptic neurons,
activates glutamate receptors, and is then removed
from the synapse by a family of plasma membrane
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proteins, the excitatory amino acid transporters
(EAATs) (Bellocchio et al., 2000; Hollmann and Heinemann, 1994; Kanai et al., 1993; Rothstein et al.,
1994). EAATs are expressed on astrocytes and Bergmann glia (EAAT1 and EAAT2) and in neurons
(EAAT3 and EAAT4) throughout the brain (Danbolt,
2001). EAAT-mediated glutamate reuptake is regulated, in part, by several EAAT-interacting proteins
(Danbolt, 2001; Jackson et al., 2001; Lin et al., 2001;
Marie et al., 2002; Watanabe et al., 2003). EAATinteracting proteins utilize diverse mechanisms to
modulate glutamate transport activity. The EAATinteracting proteins Ajuba and G protein pathway
suppressor-1 (GPS-1) were identiﬁed by the yeast
two-hybrid technique using GLT-1 (the EAAT2 rodent
isoform) as bait (Marie et al., 2002; Watanabe et al.,
2003). Ajuba interacts with the amino terminus of
GLT-1, is expressed in astrocytes and Bergmann glia,
and may act as a scaffolding protein, linking GLT-1
with the cytoskeleton and various signaling pathways
(Marie et al., 2002). GPS-1 is a subunit of COP9 signalosome, interacts with the C terminus of GLT-1,
and may be involved in the surface trafﬁcking of
GLT-1 via its leucine zipper-like motif (Watanabe
et al., 2003). Coexpression of GPS-1 with GLT-1 in
human embryonic kidney cells downregulates glutamate reuptake activity (Watanabe et al., 2004).
Several proteins that interact with neuronal glutamate transporters have also been identiﬁed. JWA is
the human homologue of GTRAP3-18, a protein that
interacts with the carboxy terminus of EAAC1 (called
EAAT3 in humans), decreasing EAAC1 activity by
lowering transporter substrate afﬁnity via a reduction
of N-linked glycosylation (Butchbach et al., 2003; Lin
et al., 2001; Ruggiero et al., 2003). Rodent EAAT4
interacts with GTRAP41 and GTRAP48. GTRAP41
links EAAT4 with the cytoskeleton, and GTRAP48 is
a cytoplamatic protein associated with Rho-GTPase
signaling. Coexpression of GTRAP41 or GTRAP48
with EAAT4 stabilizes EAAT4 localization at the synaptic membrane. GTRAP41 and GTRAP48 modulate
the perisynaptic distribution of EAAT4 at glutamatergic synapses, and also upregulate glutamate transport
into neurons (Jackson et al., 2001). The human homologues of GTRAP41 and GTRAP48, called KIAA0302
and ARHGEF11, are expressed in multiple brain
regions, including the thalamus (unpublished observations).
The thalamus plays an important role in processing
sensorimotor and cognitive information via its connections with cerebrocortical and subcortical regions.
Disturbances of these functions in schizophrenia, together with structural and functional thalamic pathology, have implicated abnormalities in the thalamus in this illness. Magnetic resonance imaging and
postmortem morphometric studies have found reduced volume of the thalamus in schizophrenia, as
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well as cell loss within thalamic nuclei connected with
prefrontal cortex and limbic structures, in particular
the dorsomedial, pulvinar, anterior and ventral lateral nuclei (Byne et al., 2002; Danos et al., 2003;
Dorph-Petersen et al., 2004; Pakkenberg, 1992;
Popken et al., 2000; Young et al., 2000). Functional
imaging studies have also detected irregularities in
thalamic nuclei, including reduced thalamic metabolism in subjects with schizophrenia (Andreasen et al.,
1996; Buchsbaum and Hazlett, 1998; Buchsbaum
et al., 1996; Hazlett et al., 1999). Other studies (Meador-Woodruff et al., 2003) have reported neurochemical abnormalities in glutamate transmission in the
thalamus, including increased expression of EAAT1
and EAAT2 transcripts (Smith et al., 2001a), suggesting that alterations in synaptic glutamate levels may
contribute to the pathophysiology of schizophrenia.
Thus, we hypothesize that there may be alterations
in the expression of molecules that regulate EAAT
expression and glutamate reuptake activity. Accordingly, we investigated the expression of transcripts
for the EAAT-interacting proteins Ajuba, GPS-1,
JWA, KIAA0302, and ARHGEF11 in the thalamus in
schizophrenia.
MATERIALS AND METHODS
Subjects
A total of 21 subjects from the Mount Sinai Medical
Center were studied in this project: 13 individuals
diagnosed with schizophrenia and 8 control subjects
with no history of psychiatric illness as previously
described (Smith et al., 2001a,b) (Table I). Consent
for autopsy and use of brain tissue for research was
obtained from the legal next of kin of each donor.
Subjects were diagnosed with schizophrenia when (1)
the presence of schizophrenic symptoms 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 upon by two experienced
clinicians; and (4) neuropathological examination did
not reveal Alzheimer’s disease or other degenerative
disorders. There were no signiﬁcant differences
between diagnostic groups for age, postmortem interval (PMI), sex, tissue pH, or hemisphere studied.
Brains were obtained after autopsy and one hemisphere was cut coronally into 1-cm slabs and frozen.
Sections (20 lm) were thawed onto slides previously
treated with poly-L-lysine, dried, and stored at 808C.
Two slides were studied per subject.
In situ hybridization
mRNA expression was measured by in situ hybridization using subclones that were generated by amplifying unique segments of GPS-1 (Genebank accession

396

I. HUERTA ET AL.

TABLE I. Demographic and clinical characteristics of the schizophrenic and comparison subjects examined postmortem for thalamic
expression of EAAT interacting proteins
Age

PMIa

pH

Side

Cause of death

Control subjects
1
F
2
M
3
M
4
F
5
F
6
F
7
F
8
F
b
Total
6F/2M

86
70
55
96
90
74
82
64
77.1 6 13.9

4.7
8.0
10
3.3
4.2
3
3.8
19.1
7.3 6 5.4

6.5
6.0
5.7
6.7
6.0
6.0
5.8
6.1
6.1 6 0.34

Left
Left
Left
Left
Left
Right
Left
Left
7L/1R

Unknown
Lower gastrointestinal bled
Lymphoma
Cardiopulmonary failure
Cardiopulmonary failure
Cardiopulmonary failure
Cardiopulmonary failure
Cardiopulmonary failure

None
None
None
None
None
None
None
None

Schizophrenia subjects
9
F
10
M
11
M
12
M
13
M
14
F
15
M
16
F
17
M
18
F
19
M
20
F
21
F
Totalb
6F/7M

86
61
69
72
63
69
68
64
61
73
66
76
100
69.8 6 7.4

6.9
3.5
4.5
20.6
6.2
13.7
5.6
6.5
2.8
10.4
12.1
21.2
4.6
10.4 6 6.6

6.2
6.5
6.4
6.6
5.9
6.2
6.8
6.6
6.4
6.3
6.5
6.1
6.6
6.4 6 0.32

Right
Left
Right
Left
Left
Left
Left
Left
Left
Right
Left
Right
Left
9L/4R

Cardiac failure, pneumonia
Cardiac failure
Myocardial infarction
Cardiopulmonary failure
Cardiopulmonary failure
Cardiopulmonary failure
Cardiopulmonary failure
Cardiopulmonary failure
Cardiac failure
Cardiopulmonary failure
Cardiac failure
Cardiac failure
Cardiogenic shock

Nonec
Trilafon
Haloperidol
Haloperidol
Haloperidol
Haloperidol
Haloperidol
Haloperidol
Thioridazine
Typical antipsychotic
Noned
Haloperidol
Noned

Subject

Sex

Medication

a

PMI, postmortem interval in hours.
Numbers expressed as mean 6 standard deviation.
None for 8 years prior to death.
d
None in last 6 months prior to death.
b
c

no. BC064503; nucleotide coding region 1396-1602),
Ajuba (BC007580; 114-1354), JWA (NM006407; 181520), KIAA0302 (AB008567; 5958-6345), and ARHGEF11 (NM014784; 1935-2309), from a human cDNA
brain library (Human Adult Brain Unampliﬁed cDNA
Library, Edge Biosystems; Gaithersburg, MD) and by
polymerase chain reaction (PCR). PCR-ampliﬁed cDNA
segments were extracted (QIAquick Gel Extraction
Kit, Qiagen, Valencia, CA), subcloned (Zero Blunt TOPO
PCR cloning kit; Invitrogen, Carlsbad, CA), and conﬁrmed by nucleotide sequencing.
Sense and antisense probes for in situ hybridization
were synthesized using 100 lCi of dried [35S]UTP;
2.0 ll of 53 transcription buffer (40 mM Tris-base,
6 mM MgCl2, 2 mM spermidine,10 mM NACl, pH7.9);
1.0 ll each of 10 mM ATP, CTP, and GTP; 1.0 lg linearized plasmid DNA; 0.5 ll RNAse inhibitor; and
1.5 ll SP6 or T7 RNA polymerase. After 2 h of incubation at 378C, 1.0 ll DNAse (RNAse-free) was added
and incubated for 15 min at room temperature (RT).
[35S]-labeled cRNA was puriﬁed with a spin column
(Micro Bio-Spin P-30 Tris Spin Columns; Bio-Rad
Laboratories; Hercules, CA), diluted to 100 ll ﬁnal
volume, and 1.0 ll of 1 M dithiothreitol (DTT) was
added to a ﬁnal concentration of 0.01 M.
Sections were ﬁxed with 4% (w/v) formaldehyde for
1 h at RT. Next, sections were rinsed three times in
23 SSC (300 mM NaCl/30 mM sodium citrate, pH
7.2) and incubated on a stir plate in 0.1 M triethanolamine, pH 8.0/acetic anhydride, 1:400 (v/v) for 10 min
at RT. Sections were then washed in 23 SSC for
10 min at RT, and the tissue was dehydrated though

graded alcohols and air-dried. [35S]-labeled riboprobe
(3–5 3 106 cpm) was applied in 400 ll of 50% formamide buffer (50% formamide, 10% dextran sulfate,
33 SSC, 50 mM Na2HPO4, pH 7.4, 13 Denhardt’s solution, 100 lg/ml yeast tRNA) with 0.1% of 1M DTT
per each slide. The slides were then covered with
glass cover slips and stored in a humidiﬁed chamber
saturated with 50% formamide overnight at 558C for
18 h. Next, the cover slips were removed and the sections were washed in 23 SSC for 2 min at RT, 23
SSC for 10 min at RT, and then incubated with
RNAse A (200 mg/ml in 10 mM Tris-HCl, pH 8.0/
0.5 M NaCl) at 378C for 30 min. Slides were then
washed at RT two times for 15 min in 23 SSC,
15 min in 13 SSC, 5 min in 0.53 SSC, two times for
60 min in 0.13 SSC at 558C and 15 min in 0.13 SSC
at RT. The sections were then dehydrated in graded
alcohol solutions and air-dried. Finally, the slides
were placed in X-ray cassettes, apposed to ﬁlm
(Kodak BIOMAX MR Film, New England, Nuclear,
Boston, MA), and developed after 14–60 days.
Animal studies
Adult male Sprague-Dawley rats (250 g) were used
for this study. Rats received daily subcutaneous injections of haloperidol (2 mg/kg), clozapine (20 mg/kg),
or vehicle for 28 consecutive days (N ¼ 10 per group).
Twenty-four hours following the last injection, animals were killed by decapitation, brains were rapidly
removed, snap frozen in isopentane, and cryostat-sectioned (15 lm) for in situ hybridization studies.
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Fig. 1. In situ hybridization using [35S]labeled antisense riboprobes for GPS-1,
JWA, KIAA0302, and ARHGEF11 in thalamic nuclei of a representative subject.
Labeling for each are seen in the anterior
(A), dorsomedial (DM), centromedial (CeM),
pooled ventral tier (V), ventral anterior (VA),
and reticular (R) nuclei. Scale bar: 4 mm.

Data analysis
Images were digitized from ﬁlms with a CCD camera with NIH Image software v16.1 and analyzed
using Scion Image Beta 3b. Six thalamic nuclei were
identiﬁed based upon cellular patterns as deﬁned by
cresyl violet staining of sections from each subject or
animal. In human subjects, the following nuclei were
identiﬁed: anterior (A), dorsomedial (DM), central
medial (CeM), pooled ventral tier (V), ventral anterior, (VA), and reticular (R) nuclei. In the rat, we analyzed the paraventricular (PV), dorsomedial (DM),
central medial (CeM), pooled ventral tier (V), and
reticular (R) nuclei. Tissue background values were
subtracted from gray scale values of each nucleus in
each section and converted to optical density. Values
for two sections per subject or animal were averaged
and used for statistical analysis.
Statistical analyses
Correlation analysis was performed to investigate
possible associations between transcript expression
and age, PMI, and tissue pH. When signiﬁcant associ-

ations with age, pH, or PMI were found, analysis of
covariance was utilized, otherwise analysis of variance was used, with diagnosis and nucleus as independent variables and optical density as dependent
variable. Post hoc analysis was performed by Tukey’s
HSD. For all tests a ¼ 0.05. Power analysis using the
sample variance for the dependent measures being
studied indicates that the sample size used in this
work is sufﬁcient to detect an effect.
RESULTS
Sense and antisense probes were prepared for Ajuba,
GPS-1, JWA, KIAA0302, and ARHGEF11. Speciﬁc labeling was only observed for sections incubated with antisense riboprobe. We detected GPS-1, JWA, KIAA0302,
and ARHGEF11 transcripts in the anterior (A), dorsomedial (DM), central medial (CeM), pooled ventral tier
(V), ventral anterior (VA), and reticular (R) thalamic
nuclei (Fig. 1). We did not detect Ajuba transcripts in
the thalamus by in situ hybridization.
Correlation analysis showed no association between
GPS-1 and PMI. We detected signiﬁcant association
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Fig. 2. GPS-1, JWA, KIAA0302,
and ARHGEF11 transcript expression levels in thalamic nuclei in
schizophrenia and a comparison
group. Increased transcript expression was detected for JWA
and KIAA0302. Anterior (A), dorsomedial (DM), centromedial (CeM),
pooled ventral tier (V), ventral anterior (VA), and reticular (R) nuclei.

between pH and GPS-1 expression (r ¼ 0.439; P <
0.01) and between age and GPS-1 expression (r ¼
0.27; P < 0.01). There was no main effect for diagnosis, nucleus, or diagnosis by nucleus interaction for
GPS-1 mRNA expression level in the thalamus,
although there was a trend for GPS-1 to be reduced
in schizophrenia (Fig. 2).
We did not detect signiﬁcant correlations between
JWA mRNA expression and age, pH or PMI. There
was a main effect for diagnosis (F(1, 102) ¼ 4.58; P <
0.04) for increased JWA mRNA levels in the thalamus
in schizophrenia (Fig. 2). There was no main effect
for nucleus or diagnosis by nucleus interaction.
We did not detect signiﬁcant correlations between
KIAA0302 mRNA expression and age, pH or PMI.
There was a main effect for nucleus (F(5, 97) ¼ 3.102;
P < 0.02) and diagnosis (F(1, 97) ¼ 15.46; P < 0.01) for
increased KIAA0302 mRNA levels in the thalamus in
schizophrenia, but there was not diagnosis by nucleus
interaction. Post hoc analysis revealed lower KIAA0302
expression levels in the reticular nucleus when compared with those in other thalamic nuclei (Fig. 2).
Correlation analysis showed no signiﬁcant association between ARHGEF11 transcript expression and
age, PMI, or pH. There was no main effect for diagnosis, nucleus, or nucleus by diagnosis interaction for
thalamic expression of ARHGEF11.
Using in situ hybridization, we measured expression of these EAAT-interacting proteins in the thalami of rats treated with haloperidol, clozapine, or vehicle (Fig. 3). GPS-1, JWA, KIAA0302, and ARHGEF11 transcripts were expressed in paraventricular

(PV), dorsomedial (DM), central medial (CeM), pooled
ventral tier (V), and reticular (R) nuclei. We did not
detect signiﬁcant changes in the gene expression of
these molecules in rats treated with haloperidol (Fig.
3). In contrast, we did detect signiﬁcant changes in
rats treated with clozapine (Fig. 3). Expression of
GPS-1 (F(2, 90) ¼ 13.68; P < 0.01) and JWA (F(2, 85)
¼ 3.77; P < 0.03) transcripts was decreased in the
thalamus of clozapine-treated rats, while KIAA0302
(F(2, 90) ¼ 14.79; P < 0.01) and ARHGEF11 (F(2, 80) ¼
9.85; P < 0.02) transcript expression was increased.
DISCUSSION
We detected signiﬁcant increase in the expression
of EAAT-interacting proteins JWA and KIAA0302 in
the thalamus in schizophrenia. No signiﬁcant diagnosis by nucleus interactions was detected, suggesting
that changes in JWA and KIAA0302 transcript
expression involve multiple thalamic nuclei. No signiﬁcant changes were detected in GPS-1 and ARHGEF11 transcript expression in the thalamus in
schizophrenia. To our knowledge, these results represent the ﬁrst report of altered JWA and KIAA0302
mRNA expression in a psychiatric illness.
We found increased thalamic JWA transcript
expression in schizophrenia. GTRAP3-18, the rodent
isoform of JWA, downregulates glutamate uptake activity of the rat isoform of EAAT3 (called EAAC1).
Increase in the expression of GTRAP3-18 does not alter EAAC1 expression levels but reduces glutamate
uptake activity by altering the assembly and matura-
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Fig. 3. GPS-1, JWA, KIAA0302,
and ARHGEF11 transcript expression levels in the thalamic nuclei in
antipsychotic-treated rats and a control group. Signiﬁcant changes were
only observed in clozapine-treated
rats (decreased GPS-1 and JWA, increased KIAA0302 and ARHGEF11),
but not in haloperidol-treated rats.
Paraventricular (PV), dorsomedial
(DM), centromedial (CeM), pooled
ventral tier (V), and reticular (R)
nuclei.

tion of EAAC1 subunits within the endoplasmic reticulum (Jackson et al., 2001; Ruggiero et al., 2003).
Interestingly, we previously did not detect changes in
EAAT3 mRNA expression in the thalamus in schizophrenia in the same cohort of subjects (Smith et al.,
2001a). Taken together, an increase in transcript
expression of a putative inhibitor of EAAT3 with no
changes in total EAAT3 mRNA expression might be
consistent with a decrease in EAAT3 function in the
thalamus in schizophrenia.
We also found increased expression of KIAA0302 in
the thalamus in schizophrenia. KIAA0302 is a b-spectrin that is associated with intracellular trafﬁcking in
glutamate synapses that facilitates EAAT4-mediated
glutamate reuptake. Previous studies have demonstrated that KIAA0302 directly interacts with EAAT4.
However, while EAAT4 is only highly expressed in
the cerebellum and we were previously unable to
detect EAAT4 mRNA in the thalamus, KIAA0302 is
highly expressed throughout the brain (unpublished
observation) (Smith et al., 2001a). This divergent
expression of EAAT4 and its associated interacting
protein suggests that KIAA0302 might regulate other
EAATs and have different functional roles in glutamate synapses. For example, KIAA0302 might bind
other glutamate transporters to the cytoskeleton via
a-actin, a potentially important mechanism since
recent studies have indicated a role for the actin network in glial glutamate transporter clustering (Zhou
and Sutherland, 2004).
We did not detect changes in GPS-1 mRNA expression in the thalamus in schizophrenia. Previously, we
have found increased expression of glial glutamate
transporters EAAT1 and EAAT2 in the thalamus in
schizophrenia (Smith et al., 2001a). Since GPS-1 down-

regulates glial glutamate reuptake, our data are consistent with an increase in EAAT2-mediated glutamate
reuptake capacity in the thalamus, suggesting that
glutamate synapses have increased levels of glutamate
in schizophrenia.
Abnormalities in the expression of EAAT-associated
molecules in the thalamus were limited to molecules
reported to modulate neuronal (JWA and KIAA0302),
and not glial (GPS-1, Ajuba), EAATs. Interestingly,
changes in transcript expression for the EAATs themselves are limited to glial (EAAT1 and EAAT2), and
not neuronal (EAAT3), transporters. These data are
consistent with reported differences in the regulation
of glial and neuronal glutamate transporters. For
example, previous studies have reported that arachidonic acid inhibits EAAT1 and EAAT2-mediated glutamate reuptake, while it increases EAAT3 reuptake
activity (Volterra et al., 1994). Furthermore, protein
kinases differentially regulate cell surface expression
and activity of glial and neuronal glutamate transporters (Guillet et al., 2005). Activation of PKC rapidly increases cell surface expression of EAAT3 (Fournier et al., 2004), but cell surface expression of
EAAT2 is decreased after PKC activation (Kalandadze et al., 2002). Interestingly, in contrast to
EAAT1 and EAAT2, EAAT3 is rapidly mobilized to
the cell surface from a large intracellular pool (Robinson, 2002). Our data are consistent with cell-subtypespeciﬁc regulation of neuronal and glial-based EAATs
and suggest that abnormalities of neuronal EAAT
function in schizophrenia may be associated with
alterations in the expression of speciﬁc EAAT regulatory proteins.
Differences in the regulation of glial and neuronal
transporters may be related to their distinct roles in
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glutamate synapses. Glial transporters make the largest contribution to glutamate uptake at excitatory
synapses, while the neuronal transporters might clear
glutamate from speciﬁc compartments and play an
important role in limiting glutamate spillover leading
to activation of receptors at neighboring synapses (Diamond, 2001; Huang and Bergles, 2004). Glutamate
spillover could enhance the induction of LTP in adjacent synapses, possibly modulating synapse speciﬁcity
(Diamond, 2001). Moreover, induction of LTP was
associated with an increase in surface expression and
activity of EAAC1 (the rat homologue of EAAT3) (Levenson et al., 2002), suggesting a role for neuronal
EAATs in the regulation of synaptic plasticity. Thus,
increased transcript expression of JWA in the thalamus in schizophrenia could indicate a decrease in
EAAT3 surface expression and activity, resulting in
alterations in the contributions of postsynaptic glutamate transporters to the regulation of LTP and other
molecular substrates of neuroplasticity. Finally, increased expression of glial EAAT transcripts in the
thalamus in schizophrenia (Smith et al., 2001a) may
be consistent with increased glutamate reuptake
capacity, in response to a possible increase in glutamate release in the thalamus in this illness (Moghaddam and Adams, 1998; Moghaddam et al., 1997).
Antipsychotic medications are known to inﬂuence
glutamate neurotransmission (De Souza et al., 1999;
Melone et al., 2001; Schneider et al., 1998). In this
study, in rats treated for 4 weeks with clozapine, but
not haloperidol, we found decreases in thalamic
expression of GPS-1 and JWA, and increased expression of ARHGEF11 and KIAA0302. Since the subjects
included in this study were generally treated with
typical (similar to haloperidol) but not atypical (similar to clozapine) antipsychotics, and haloperidol did
not affect transcript expression of EAAT-interacting
proteins in the rat thalamus, the changes we observed in schizophrenia are likely not associated with
antipsychotic drug treatment. While there are no previous reports on the effects of antipsychotics on the
expression of EAAT-interacting proteins, recent studies in rats treated with haloperidol, have shown
decreased gene expression on glial and neuronal glutamate transporters in the cortex (Schmitt et al.,
2003). Another study reported typical and atypical
antipsychotic reduced glutamate uptake from rat prefrontal cortex (Vallejo-Illarramendi et al., 2005; Yang
and Wang, 2005). It is not known whether these ﬁndings can be extended to the thalamus. Our ﬁndings of
decreased GPS-1 and JWA and increased KIAA0302
and ARHGEF11 are apparently contradictory to
reports of decreased glutamate reuptake with clozapine, since these changes in mRNA expression would
theoretically increase glutamate reuptake. Difference
in dose, route, and duration of treatment as well as
the regions examined may account for these inconsis-

tent ﬁndings. The apparent selectivity of atypical
antipsychotics for the regulation of EAAT-interacting
proteins suggests that the unique properties and side
effect proﬁle for atypical medications such as clozapine may be the basis for the differential regulation
of glutamate reuptake activity by typical vs. atypical
antipsychotics.
There are several potential limitations of this study.
One limitation is the advanced age of the subjects.
Age-related changes in glutamatergic gene expression
could make it more difﬁcult to detect subtle, diseasespeciﬁc alterations, and older schizophrenics have
higher lifetime exposures to antipsychotics when compared with subjects in younger cohorts. However, we
have previously detected robust changes in glutamate
receptor transcripts, proteins, and binding sites in a
similar cohort of these aged schizophrenics when compared with those in normal controls, clearly demonstrating the persistence of detectable changes in gene
expression in older subjects (Bruneau et al., 2005;
Clinton et al., 2003; Smith et al., 2001a,b). Further,
we have found striking differences in glutamatergic
gene expression in middle aged (from the Stanley
Foundation) vs. elderly subjects, indicating that
expression of glutamatergic markers that are abnormal in middle age may not necessarily continue to
show the same abnormality in older age (Clinton
et al., 2003; Clinton and Meador-Woodruff, 2004).
Thus, pooling subjects of various ages in such studies
may be counterproductive. On the other hand, the
advanced age of our subjects may be a strength of
this cohort, since the subjects are free from confounds
such as suicide and substance abuse. In addition, our
elderly cohort is rigorously characterized ante mortem and has a predominance of negative symptomatology and cognitive impairment commonly found in
the later stages of schizophrenia, providing a more
homogenous sample with a level of reliability of diagnostic and demographic variables that are difﬁcult to
achieve in this ﬁeld.
Another concern is that our ﬁndings only indicate
whether or not there was a change in total EAATinteracting proteins transcript expression and do not
specify whether changes were in all cells expressing
these transcripts or in a subset of cells. Finally,
changes in transcript expression do not necessarily
indicate a change in protein expression or function.
For example, there may also be changes in levels of
protein expression, localization of proteins within the
cell, as well as linkage of interacting proteins to
transporters or intracellular signaling machinery.
The glutamate hypothesis of schizophrenia is based
on the observation that NMDA receptor antagonists
such as PCP can precipitate schizophreniform symptoms in nonpsychotic subjects. These effects may be
secondary to alterations in synaptic glutamate levels
since administration of PCP into the rat prefrontal
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cortex increased glutamate efﬂux (Moghaddam and
Adams, 1998). Consistent with perturbations of glutamate transmission in schizophrenia, we have previously described deﬁcits in NMDA receptor subunits
and binding sites, as well as increased expression of
plasma membrane (EAAT1, EAAT2) and vesicular
(VGLUT2) glutamate transporter transcripts in the
thalamus in schizophrenia (Ibrahim et al., 2000a,b;
Meador-Woodruff et al., 2003; Smith et al., 2001a,b).
The data from the present study suggest that alterations in glutamate transmission in schizophrenia
involve not only glutamate receptors and transporters,
but also intracellular molecules that link the transporters to signaling pathways and the cytoskeleton.
In summary, we measured transcript expression of
neuronal (JWA, KIAA0302, and ARHGEF11) and glial
(GPS-1) EAAT-interacting proteins in the thalamus in
schizophrenia. Our ﬁndings of increased thalamic
JWA and KIAA0302 transcript expression suggest
that changes in EAAT-interacting proteins are limited
to molecules interacting with neuronal, and not glial,
glutamate transporters. In contrast, changes in EAAT
thalamic transcript expression are limited to glial
(EAAT1 and EAAT2), and not neuronal (EAAT3),
transporters. This study supports the hypothesis of
excessive glutamatergic neurotransmission in the
thalamus in schizophrenia, and suggests that the
EAAT-interacting proteins may be high-yield substrates to target for the development of novel treatment modalities for this devastating illness.
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