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ABSTRACT: Schizophrenia has been associated with dysfunction of glutamater-
gic neurotransmission. Synaptic glutamate activates pre- and postsynaptic ion-
otropic NMDA, AMPA, and kainate and metabotropic receptors, is removed
from the synapse via five cell surface—expressed transporters, and is packaged
for release by three vesicular transporters. In addition, there is a family of in-
tracellular molecules enriched in the postsynaptic density (PSD) that target
glutamate receptors to the synaptic membrane, modulate receptor activity, and
coordinate glutamate receptor—related signal transduction. Each family of PSD
proteins is selective for a given glutamate receptor subtype, the most well char-
acterized being the NMDA receptor binding proteins PSD93, PSD95, NF-L,
and SAP102. Besides binding glutamate receptors, many of these proteins also
interact with cell surface proteins like cell adhesion molecules, ion channels,
cytoskeletal elements, and signal transduction molecules. Given the complexity
of the glutamate neurotransmitter system, there are many locations where dis-
ruption of normal signaling could occur and give rise to abnormal glutamater-
gic neurotransmission in schizophrenia. Using multiple cohorts of postmortem
tissue, we have examined these synaptic molecules in schizophrenic thalamus.
The expression of NR1 and NR2C subunit transcripts is decreased in the thal-
amus in schizophrenia. Interestingly, three intracellular PSD molecules that
link the NMDA receptor to signal transduction pathways are also abnormally
expressed. Additionally, several of the cell surface and vesicular transporters
are abnormal in the schizophrenic thalamus. While occasional findings of ab-
normal receptor expression are made, the most dramatic and consistent alter-
ations that we have found in the thalamus in schizophrenia involve the family
of intracellular signaling/scaffolding molecules. We propose that schizophrenia
has a glutamatergic component that involves alterations in the intracellular
machinery that is coupled to glutamate receptors, in addition to abnormalities
of the receptors themselves. Our data suggest that schizophrenia is associated
with abnormal glutamate receptor—related intracellular signaling in the thala-
mus, and point to novel targets for innovative drug discovery.
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INTRODUCTION

Recently, increasing evidence has implicated glutamatergic abnormalities in the
pathophysiology of schizophrenia. The glutamate hypothesis of schizophrenia was
originally based on the observation that phencyclidine (PCP), an NMDA receptor
antagonist, precipitates a schizophreniform psychosis in nonpsychiatrically ill per-
sons.!~7 Subsequent studies have noted that the psychomimetic effects of PCP and
other NMDA receptor antagonists (such as ketamine) differ markedly in their effects
compared to other psychotogenic substances. For example, effects of PCP intoxica-
tion may include both positive and negative psychotic symptoms, while effects of
dopamine agonists are typically limited to positive symptoms. On the basis of these
clinical observations, a hypothesis of NMDA receptor hypoactivity in schizophrenia
was proposed. Supporting this initial hypothesis, administration of agonists of the
glycine/D-serine coagonist site of the NMDA receptor modestly attenuates psycho-
sis, especially negative symptoms, in persons afflicted with schizophrenia.®-13
NMDA receptor activity, however, is just one component of glutamatergic neu-
rotransmission, a tightly regulated neurotransmitter system that involves myriad oth-
er molecules. Recent efforts have focused not only on possible NMDA receptor
abnormalities in schizophrenia, but also on the possibility of disturbances of other
molecules associated with glutamatergic neurotransmission in this illness.

GLUTAMATERGIC NEUROTRANSMISSION: A BRIEF OVERVIEW

Glutamate neurotransmission requires three distinct cell types that comprise the
typical glutamate synapse: an astrocyte, as well as both a presynaptic and a postsyn-
aptic neuron (F1G. 1).!416 Glutamate is packaged into secretory vesicles in the pre-
synaptic neuron by a family of at least three vesicular transporters (vGIuT1-vGluT3)
and released into the synapse.!”~2! Synaptic glutamate can stimulate both metabo-
tropic and ionotropic glutamate receptors, located in receptor-specific distributions
on pre- and postsynaptic neurons, as well as on astrocytes.'4 1022 Glutamate recep-
tor subtypes (FIG. 2) include a group of pharmacologically distinct ligand-gated ion
channels (NMDA, AMPA, and kainate receptors) and the eight G-protein coupled
metabotropic receptors (mGluR1-8).23-25

Glutamate is rapidly removed from the synapse by a family of at least five plasma
membrane excitatory amino acid transporters (EAAT1-EAATS), located on both
synaptic neurons and astrocytes.'©26-3% Recovered glutamate may enter the TCA
cycle via conversion to o-ketoglutarate by glutamate dehydrogenase, and/or be con-
verted to glutamine-by-glutamine synthetase and transported back into the syn-
apse.!4 One particularly interesting pathway involves reuptake of glutamine into the
presynaptic neuron. Presynaptic glutamine can be oxidized to glutamate by the en-
zyme glutaminase and repackaged into vesicles for release.!# Glutaminase and the
vesicular transporters have been proposed as markers for glutamatergic neurons.
Glutaminase expression is enriched in glutamatergic neurons, and expression of the
vesicular transporters appear to be exclusively in presynaptic glutamatergic termi-
nals.!7-21.35.36 The packaging, release, and reuptake of glutamate are closely regu-
lated, since excess glutamate may lead to excitotoxic cell death and/or seizures.3°
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FIGURE 1. Diagram of the glutamate synapse. The glutamate synapse requires three
discrete cell types: a presynaptic gluatamate-releasing neuron, a postsynaptic neuron, and
an astrocyte. Glutamate is packaged into secretory vesicles by vesicular glutamate transport-
ers. Once glutamate is released into the synapse, it can interact with a number of receptors
that may exist on any of the three cell types. Each of these receptors, in turn, is associated
with a series of intracellular signaling molecules that are specific for each receptor subtype.
Most glutamate reuptake occurs via membrane-bound glutamate transporters located on the
astrocyte, although these also exist on the postsynaptic neuron, for rapid inactivation of the
actions of glutamate. Glutamate that is taken up by the astrocyte, in turn, is reduced to
glutamine or alternatively enters intermediary metabolism. Glutamine is actively transport-
ed from the astrocyte back into the presynaptic neuron, where it is, in turn, oxidized to
glutamate for repacking for release. In addition, astrocytes are responsible for the conver-
sion of L-serine to D-serine, which is released by astrocytes and is an agonist of a modulatory
site on the NMDA receptor complex.

Recent investigations have identified a novel group of molecules that functionally
connect glutamate receptors and transporters with intracellular cytoskeletal and sig-
naling elements. Using yeast two-hybrid techniques, families of proteins that have
unique protein—protein interactions with NMDA, AMPA, kainate, and metabotropic
receptors have been characterized. These intracellular proteins link these receptors
to the cytoskeleton as well as to specific signal transduction pathways. Proteins that
interact with the plasma membrane excitatory amino acid transporters (EAAT) have
also been reported,3”3? although their function is less well characterized.

The preceding description of glutamatergic neurotransmission is brief; further
details about each class of molecules are provided below when discussed in the con-
text of abnormalities of these molecules in the thalamus in schizophrenia.
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FIGURE 2. Organization of the glutamate receptors. The glutamate receptors are both
ligand-gated ion channels (ionotropic), as well as seven transmembrane domain G-protein—
coupled receptors (metabotropic receptors). The ionotropic receptors cluster into three de-
finable families, the NMDA, AMPA, and kainate types. These receptors are multimeric
associations of specific subunits and have specific binding domains on the final receptor
complexes. The metabotropic receptors are classed into three groups, based on similar phar-
macological features. In the case of both the ionotropic and the metabotropic receptors,
intracellular proteins associated with the postsynaptic density have been identified that have
specific associations with both types of receptors. Many of these proteins are listed in this
figure with specific protein:subunit associations indicated.

GLUTAMATE ABNORMALITIES IN SCHIZOPHRENIA

We recently reviewed a number of previous studies that have examined the ex-
pression of glutamate receptors in the brain in schizophrenia that have concentrated
on cortical and medial temporal lobe structures.*? These studies have generally re-
vealed complex, region- and receptor-specific abnormalities. Several generalizations
about glutamate receptor expression in the brain in schizophrenia emerge from this
body of literature. First, most abnormalities have been reported in limbic cortical and
hippocampal regions. Second, all three families of ionotropic glutamate receptors
have been reported to be abnormal, with changes in binding sites as well as subunit
changes suggestive of altered stoichiometry of subunit composition. Relatively few
abnormalities have been reported for the metabotropic glutamate receptors. Finally,
there are minimal to no meaningful changes in the expression of these receptors in
striatal regions, indicating that abnormalities of these receptors in schizophrenia are
likely region specific.
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FIGURE 3. The thalamus is composed of multiple nuclei that have specific topograph-
ical projections to the neocortex, as well as to a number of subcortical structures. The left
column demonstrates a schematic of these multiple nuclei at (A) a rostral level, (B) middle
thalamus, and (C) more caudally. The right column shows representative in situ hybridiza-
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THE THALAMUS IN SCHIZOPHRENIA

While prefrontal and temporal cortical dysfunction is often associated with the
pathophysiology of schizophrenia, recent attention has focused on the role of the
thalamus in this illness. Patients with schizophrenia experience a wide range of psy-
chotic symptoms and cognitive deficits, including hallucinations and delusions; and
negative symptoms, including a relative inability to pick up on social cues and focus
their attention on a particular task.*! Many of these symptoms may stem from a def-
icit in sensory processing.*!~4* The thalamus plays a central role in processing and
integrating sensory information relevant to emotional and cognitive functions, and
several lines of investigation now suggest the possibility of thalamic dysfunction in
the pathophysiology of schizophrenia.*!~44

THALAMIC ANATOMY AND CIRCUITRY

The thalamus is composed of numerous topographically organized nuclei (F1G. 3)
that project to the cortex and several subcortical regions (FiG. 4).*> Each relay
nucleus receives modality-specific sensory input, such as somatosensory, visual, or
auditory information, and is linked to a specific area of cerebral cortex, which pro-
cesses this information and projects back to the thalamus. The thalamus is also crit-
ical for the regulation of states of consciousness, which, in turn, can influence the
ability of the cortex to receive and process information.*?

The thalamus contains three main cell types: excitatory relay cells, inhibitory in-
terneurons, and the neurons of the reticular nucleus.*® Large glutamatergic relay
cells in the dorsal thalamus respond to sensory afferent input, and project to the cor-
tex, which reciprocally projects back to the thalamus. Inhibitory interneurons also
located in the dorsal thalamus impinge on the dendrites of nearby relay neurons and
sensory afferents.*” Neurons of the reticular nucleus reside in a thin sheet of y-ami-
nobutyric acid (GABA)-ergic neurons that encompass the dorsal thalamus. Reticular
neurons receive excitatory input from collateral fibers of the thalamocortical and
corticothalamic projections entering and leaving the dorsal thalamus. Reticular neu-
rons, in turn, send axons into the dorsal thalamus to gate relay neuron activity.*6:#7
Reticular neuron activity modulates the activity of dorsal thalamic relay cells and,
consequently, is able to influence the ability of the dorsal thalamus to relay sensory
information to the cortex.*?

Thalamic afferents and efferents primarily use either glutamate or GABA as neu-
rotransmitters. Thalamocortical projections, as well as corticothalamic and sensory
afferents to the dorsal thalamus use glutamate, which acts on both ionotropic and
metabotropic glutamate receptors expressed throughout the thalamus. The intrinsic
interneurons and neurons of the reticular nucleus contain GABA, and certain thalam-
ic nuclei (anterior ventral lateral and ventral medial) receive GABAergic input from

tion images of neurofilament-light (NF-L) mRNA, which labels the preponderance of cells
in the subcortical structures that are observable in these three panels. The atlas diagrams and
the in situ hybridization images are from a female macaque, although the appearance of
these nuclei in the human thalamus is very similar.
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FIGURE 4. Diagram of thalamic efferents and afferents, demonstrating the central role
of the thalamus in linking hippocampus, neocortex, and a number of subcortical structures.
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the internal segment of the globus pallidus, ventral pallidum, and substantia nigra
pars reticulata.*> The thalamus also receives substantial noradrenergic, serotonergic,
and cholinergic innervation, which likely modulates glutamatergic and GABAergic
. 46

mputs.

CELLULAR ABNORMALITIES OF THE
THALAMUS IN SCHIZOPHRENIA

Postmortem morphometric studies have reported cellular abnormalities in the thal-
amus in schizophrenia, particularly in the dorsomedial (DM) nucleus (FIG. 3).48-53
Using stereologic cell-counting procedures, Pakkenberg reported a 40% reduction of
cell number and a 25% reduction in volume of the DM nucleus.*® A number of other
studies have confirmed these findings>®>3 and extended them to show that these
changes are restricted to the densocellular division of the DM nucleus, which projects
to the striatum and premotor cortical regions,’! and the parvocellular subdivision of
the DM nucleus, which projects to dorsal and lateral areas of the prefrontal cor-
tex.51:33 Further, another group reported decreased density of parvalbumin-immu-
noreactive varicosities (putative axon terminals) in middle layers of the prefrontal
cortex, the primary target of DM projections.>* Cell loss in the thalamus may not be
restricted to the DM nucleus. Neuron number is also reportedly decreased in the
pulVinar,53 anteroventral/anteromedial,>2 and ventral lateral posterior nuclei,> but
appears to be unchanged in the centromedian3 and ventral posterior medial nuclei.’!

VOLUMETRIC CHANGES IN THALAMUS: POSTMORTEM
AND IN VIVO IMAGING STUDIES

In addition to postmortem findings of reduced volume and cell number in certain
thalamic nuclei in schizophrenia, several groups have reported reduced overall tha-
lamic volume in schizophrenia using magnetic resonance imaging (MRI).3%%5 More
recent MRI studies have examined discrete thalamic nuclei and found decreased vol-
ume of the DM, 61:66 pulVinar,66 central medial, anterior, and posteromedial thalamic
nuclei.®! Functional brain imaging studies, using positron emission tomography
(PET) and single photon emission computed tomography (SPECT), have revealed
decreased thalamic metabolism in schizophrenia.®7-74

GLUTAMATE RECEPTOR ABNORMALITIES IN
THE THALAMUS IN SCHIZOPHRENIA

The ionotropic receptors are composed of family-specific subunits (FIG. 2).24 The
AMPA receptor subunits are derived from four different genes, GluR 1-GluR4 (F1G.
2). Kainate receptors are composed of subunits derived from genes for the low-affin-
ity GluR5-GluR7 and high-affinity KA 1-KA2 subunits (FIG. 2). Subunits associated
with both the AMPA and kainate receptors exist in multiple forms due to alternative
splicing and editing of their respective transcripts.2* Accordingly, there is the poten-
tial for heterogeneity in both AMPA and kainate receptors, based on subunit compo-
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sition and transcriptional modification of individual subunits. Subunit composition
is physiologically relevant for both AMPA and kainate receptors, as unique pharma-
cological properties are associated with specific subunit complements in the final re-
ceptors. For example, GluR2-containing AMPA receptors have decreased calcium
ion flux, which decreases the electrophysiological activity of these receptors.”>79

The NMDA receptor subunits are encoded by at least seven genes, NR1, NR2A—
NR2D, and NR3A-NR3B (FiG. 2).2480 NR1 can be expressed as one of eight iso-
forms, due to the alternative splicing of exons 5, 21, and 22.24.2581 The pharmaco-
logical regulation of the NMDA receptor depends upon the unique combination of
binding sites.2* There is a primary site for the binding of glutamate. A separate gly-
cine/D-serine binding site must also be occupied before glutamate can activate the
ion channel. Modulatory binding sites for polyamines, pH, and zinc have also been
identified. There is a site for ionic magnesium, which blocks the ion channel at phys-
iological concentrations. This blockade is voltage dependent; partial depolarization
of the cell membrane extrudes magnesium ions. Therefore, presynaptic glutamate
release and postsynaptic predepolarization are both required for NMDA receptor
activity. Finally, there is a site within the ion channel itself associated with the bind-
ing of uncompetitive antagonists of the NMDA receptor, such as PCP, ketamine, and
MK-801. These antagonists are use dependent, that is, the ion channel must be
opened for these compounds to bind to the receptor, so there must be cooperativity
between multiple sites for occupancy of uncompetitive antagonists. Similar to the
AMPA and kainate receptors, subunit composition confers physiological specificity:
the NMDA binding sites are associated with different subunits, and their affinities
can vary depending on subunit composition.82-87

Given that the thalamus has been shown to be abnormal in schizophrenia in ear-
lier morphometric and in vivo imaging studies, combined with the hypothesis of
glutamatergic abnormalities in schizophrenia, we and others have examined the ex-
pression of glutamate receptors in the thalamus in schizophrenia. We determined the
expression of the transcripts encoding all of the subunits associated with the three
families of ionotropic glutamate receptors, as well as multiple binding sites associ-
ated with the NMDA, AMPA, and kainate receptors.3® In this study, we found
marked decreases in the transcripts encoding both the NR1 and NR2C subunits of
the NMDA receptor, particularly in limbic-associated nuclei (FIG. 5, TABLE 1).

Given that the NR1 transcript was decreased, we next determined if this decrease
was associated with any specific subpopulation of NR1 isoforms. The NR1 gene
contains 22 exons, and exons 5, 21, and 22 can be alternatively spliced, resulting in
eight different isoforms. The 3 exons 21 and 22 are particularly interesting, as it is
this region of the NR1 subunit that interacts with various intracellular proteins of the
postsynaptic density. In a recent study, we replicated the decreased expression of
NR1 mRNA and, intriguingly, found that this reduction was exclusively associated
with exon-22 containing isoforms.%?

In addition, we observed decreased expression of some (but not all) of the binding
sites associated with the NMDA complex: binding to both the polyamine site and the
glycine/D-serine coagonist site was reduced in schizophrenia, in parallel with the
decreased expression of the NR1 and NR2C subunits. We also found decreased
expression of the GluR3 subunit of the AMPA receptor and the KA2 kainate receptor
subunit, but both AMPA and kainate binding were preserved in schizophrenia
(TABLE 1).88
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FIGURE 5. Representative in situ hybridization images of transcripts encoding key
molecules associated with glutamatergic transmission. This is a section through the human
thalamus at the level of the dorsomedial nucleus. (A) /n situ hybridization of the NMDA sub-
unit, NR1; (B) representative image of the intracellular signaling protein, PSD-95; (C) dis-
tribution of the transcript encoding the membrane-bound glutamate transporter, EAAT2; (D)
expression of glutaminase mRNA, an enzyme localized to the presynaptic glutamate neuron
responsible for the oxidation of glutamine to glutamate. Abbreviations of thalamic nuclei:
DM, dorsomedial nucleus; LD, laterodorsal nucleus; V, nuclei of the ventral tier; R, reticular
nucleus; CeM, central medial nucleus. In addition, several other structures are labeled for
orienting purposes: Cd, tail of the caudate nucleus; Pu, putamen; GP, globus pallidus; STN,
subthalamic nucleus.
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TABLE 1. Glutamatergic abnormalities in the thalamus in schizophrenia
Method Findings Reference

Glutamate receptors

Glutamate binding (NMDAR) Autoradiography No change 88

Glycine site (NMDAR) Decreased

Polyamine site (NMDAR) Decreased

NMDA channel (MK-801) No change

AMPA receptor binding No change

Kainate receptor binding No change

NMDA NR1 In situ hybridization Decreased 88

NMDA NR2A No change

NMDA NR2B Decreased

NMDA NR2C Decreased

NMDA NR2D No change

AMPA GluR1 Decreased

AMPA GluR2 No change

AMPA GIluR3 Decreased

AMPA GluR4 No change

Kainate GluR5 No change

Kainate GluR6 No change

Kainate GluR7 No change

Kainate KA1 No change

Kainate KA2 Decreased

mGluR1 In situ hybridization No change 91

mGluR2 No change

mGluR3 No change

mGluR4 No change

mGlIuR5 No change

mGluR7 No change

mGIluR8 No change

NMDA NR1 In situ hybridization No change 90

NMDA NR2A No change

AMPA GIluR2 No change

AMPA GluR4 No change

Kainate GluR5 No change

Kainate GluR6 No change
Glutamate transporters

EAATI In situ hybridization Increased 101

EAAT2 Increased

EAAT3 No change

VGLUTI1 Not expressed 102

VGLUT2 Increased
NMDAR-associated PSD proteins

NF-L In situ hybridization Increased 89

PSD95 Increased

SAP102 Increased

PSD93 No change
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One other group has also examined the expression of a subset of the transcripts
encoding the subunits of the ionotropic glutamate receptors in the thalamus in schizo-
phrenia.?® In this work, transcripts encoding the NR1 and NR2A subunits of the
NMDA receptors, the GluR2 and GluR4 AMPA subunits, and the kainate receptor
subunit, GluR6, were measured in six patients with schizophrenia and matched con-
trols. No changes in any of these five subunits were found in schizophrenia (TABLE 1).

In another study, we examined the expression of the transcripts encoding seven
of' the eight cloned metabotropic glutamate receptors in the same subjects used in our
other studies in the thalamus. There were no differences in any of these receptors be-
tween the subjects with schizophrenia and the comparison group (TABLE 1).°! To-
gether, these data indicate that there are abnormalities of glutamate receptor
expression in the thalamus in schizophrenia. These abnormalities are restricted to the
ionotropic receptors and particularly affect the NMDA subtype, which has changes
of both subunit expression as well as binding domains for select sites on the NMDA
receptor complex.

NMDA-ASSOCIATED INTRACELLULAR SIGNALING PROTEINS

When glutamate binds, the NMDA ion channel opens to permit sodium and cal-
cium ions to enter, which, in turn, triggers multiple intracellular events. In recent
years, it has become apparent that the NMDA receptor interacts with several intrac-
ellular proteins enriched in the postsynaptic density (PSD) (Fi1Gs. 1 and 2). PSD95
and the related NR2-associated proteins, SAP102 (synapse-associated protein 102)
and PSD93, contain several domains that bind the C-termini of NMDA receptor sub-
units, cytoskeletal proteins, and signal transduction enzymes. Through this array of
protein—protein interactions, PSD95-like molecules promote NMDA receptor func-
tions by clustering and anchoring the receptor at the PSD, modulating NMDA recep-
tor sensitivity to glutamate and, perhaps most importantly, assembling a signaling
complex to coordinate NMDA-mediated intracellular processes.”?

Widespread interest in the NR2 subunit—associated PSD95 family of proteins has
prompted the investigation of intracellular proteins that interact with the NR1 sub-
unit.?3-%4 Two proteins, NF-L (neurofilament-light chain)?? and Yotiao,”* have been
identified as proteins that interact with exon 21—containing NR1 isoforms (FiGs. 1
and 2). NF-L, along with the two other neurofilament subunits, NF-heavy and
medium chains, are among the most abundant cytoskeletal elements and play an im-
portant role in the maintenance of neuronal structure.”> NF-L may also be involved
in directing NMDA receptors to the PSD and/or linking it to the synaptic cytoskele-
ton.?3-%0 NF-L interacts with protein phosphatase-1 (PP1), a major protein/serine/
threonine phosphatase that is involved in numerous intracellular processes.””
Although the functional significance of this NF-L:PP1 interaction is not fully under-
stood, it has been suggested that NF-L may bind PP1 and position it to dephospho-
rylate other PSD proteins, such as NMDA receptor subunits, or CamKII.%%

Although our earlier studies showed decreased expression of NR1 and NR2C
subunit transcripts, and decreased binding at the polyamine and glycine/D-serine
sites of the NMDA receptor,®® we found a significant increase in the transcript ex-
pression of PSD95 and SAP102, but not PSD93 in the thalamus in schizophrenia
(FIG. 5, TABLE 1).89 The total pool of PSD proteins may be increased in schizophre-
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nia in an attempt to compensate for decreased thalamic expression of NMDA recep-
tor subunits. Enhanced expression of PSD molecules may lead to an enhanced
association of the PSD proteins with the remaining NMDA subunits, an intracellular
adaptation to attempt to maintain homeostasis of NMDA-related intracellular signal-
ing in the face of decreased NMDA receptor expression, or in response to a general
deficit in glutamate neurotransmission. Two other studies have examined the expres-
sion of PSD95 in schizophrenia and reported increased mRNA expression in the
occipital cortex,”® decreased expression in Brodmann area 9,!%0 but no change in
area 46 of the prefrontal cortex”? or hippocampus.!%0

We found that NF-L mRNA expression was also elevated in the thalamus in
schizophrenia (TABLE 1). Although a portion of NF-L in thalamic cells may associate
with the NR1 subunit to participate in NMDA function, the majority of NF-L asso-
ciates with the other neurofilament subunits to maintain the neuronal cytoskeleton.
It is not possible to determine if the elevated NF-L mRNA we found in schizophrenia
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 cytoskeletal response to the illness.

ABNORMAL TRANSPORTER EXPRESSION

Multiple transporters for glutamate have been identified, including families of
five membrane-bound and three vesicular transporters (F1G. 1). We have expanded
our examination of molecules of the glutamate synapse in schizophrenia to include
these proteins. Three of the five membrane transporters are expressed in the human
thalamus, EAAT1, EAAT2, and EAAT3 (FiG. 5). EAAT1 and EAAT?2 are both pri-
marily associated with astrocytes, while EAAT3 is expressed on neurons. In the
same subjects used in our earlier studies in the thalamus, we determined the expres-
sion of these three transporters.'?! Interestingly, both EAAT1 and EAAT2 were up-
regulated in schizophrenia, while EAAT3 was unchanged (TABLE 1). Both EAAT1
and EAAT?2 are glial proteins, adding to a growing literature implicating glial, in
addition to neuronal, abnormalities in schizophrenia.

We have also examined the expression of two of the vesicular transporters in
those same subjects, vGluT1 and vGluT2 (previously identified as BNPi and DNPi,
respectively). In the human thalamus, only DNPi/vGlut2 can be visualized. Similar
to EAAT1 and EAAT?2, the transcript encoding vGlut2 was upregulated in schizo-
phrenia (TABLE 1).102 These data indicate that glutamatergic abnormalities in the
thalamus in schizophrenia occur not only at the receptor level, but also involve both
membrane and vesicular transporters. Further, these data also suggest cellular abnor-
malities, not only of the postsynaptic neuron (receptor abnormalities), but also of the
astrocyte (EAAT1 and EAAT?2) and presynaptic neuron (vGluT2) associated with
transmission at the glutamatergic synapse.

Several intracellular proteins have been identified that interact with EAATs. The
protein Ajuba interacts with the amino terminus of EAAT?2, the intracellular protein
JWA interacts with EAAT3, and the proteins KIAA0302 and ARGHEF11 both in-
teract with EAAT4.37-39 The function of these EAAT-associated molecules has not
been well characterized, but it has been proposed that they regulate the activity of
the EAATs. We have recently found increased transcript expression of JWA and
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ARGHEF11 in the thalamus in schizophrenia. The functional implications of such
alterations are yet to be determined.

ENZYMATIC ABNORMALITIES

Few postmortem studies have examined expression or activity of glutamatergic
enzymes in schizophrenia. We have reported increased glutaminase mRNA expres-
sion (FIG. 5) in the thalamus.!?3 Interestingly, a fourfold increase in phosphate-acti-
vated glutaminase has been reported in the dorsolateral prefrontal cortex in
schizophrenia.'% Since dorsal thalamic nuclei send projections to the dorsolateral
prefrontal cortex, the increase in thalamic glutaminase transcript expression that we
noted could account for some of the increase in glutaminase enzymatic activity seen
in the cortex.

CONCLUSIONS

These data suggest that abnormal glutamatergic neurotransmission occurs in the
thalamus in schizophrenia. Abnormalities in glutamate receptor expression (espe-
cially the NMDA receptor), intracellular signaling proteins associated with the
NMDA receptor, vesicular and cell-surface transporters, intracellular proteins asso-
ciated with the membrane-bound transporters, and enzymes associated with the
intracellular management of glutamate as a neurotransmitter have all been reported
to be abnormal in the thalamus in schizophrenia. In addition, postmortem morpho-
metric and stereological studies, as well as in vivo imaging data implicate thalamic
dysfunction in schizophrenia. Multiple PET studies have reported reduced thalamic
metabolism in patients with schizophrenia, particularly when they are engaged in
complex cognitive tasks. Thalamic hypoactivity is associated with cell and volume
loss, especially in the MD thalamus, but also in other limbic thalamic nuclei. Taken
together, these data support thalamic dysfunction in schizophrenia. It is likely that
these glutamatergic, structural, and metabolic thalamic abnormalities represent a
primary thalamic deficit that underlies the pathophysiology of schizophrenia,
although it is possible that these changes are secondary to cortical disturbances.
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