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Abstract

Excitatory amino-acid transporters (EAATs) bind and transport glutamate, limiting spillover from 

synapses due to their dense perisynaptic expression primarily on astroglia. Converging evidence 

suggests that abnormalities in the astroglial glutamate transporter localization and function may 

underlie a disease mechanism with pathological glutamate spillover as well as alterations in the 

kinetics of perisynaptic glutamate buffering and uptake contributing to dysfunction of thalamo-

cortical circuits in schizophrenia. We explored this hypothesis by performing cell- and region-level 

studies of EAAT1 and EAAT2 expression in the mediodorsal nucleus of the thalamus in an elderly 

cohort of subjects with schizophrenia. We found decreased protein expression for the typically 

astroglial-localized glutamate transporters in the mediodorsal and ventral tier nuclei. We next used 

laser-capture microdissection and quantitative polymerase chain reaction to assess cell-level 

expression of the transporters and their splice variants. In the mediodorsal nucleus, we found lower 

expression of transporter transcripts in a population of cells enriched for astrocytes, and higher 

expression of transporter transcripts in a population of cells enriched for relay neurons. We 

confirmed expression of transporter protein in neurons in schizophrenia using dual-label 

immunofluorescence. Finally, the pattern of transporter mRNA and protein expression in rodents 

treated for 9 months with antipsychotic medication suggests that our findings are not due to the 
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effects of antipsychotic treatment. We found a compensatory increase in transporter expression in 

neurons that might be secondary to a loss of transporter expression in astrocytes. These changes 

suggest a profound abnormality in astrocyte functions that support, nourish and maintain neuronal 

fidelity and synaptic activity.

INTRODUCTION

The thalamus is comprised of discrete, modality-specific nuclei that facilitate the 

transmission of information to the neocortex.1,2 Auditory and visual sensory information is 

filtered and relayed through the geniculate body, while the ventral tier and other nuclei 

comprise the motor portion of the thalamus, which relay sensory information critical for 

normal motor movements.1–3 The limbic part of the thalamus includes the mediodorsal 

(MD) and anterior nuclei. These areas have an integrative role within the limbic system, 

illustrated by the diverse inputs they receive from the ventral pallidum, hippocampus, 

entorhinal cortex, insula, amygdala and temporal cortex.2,4 These nuclei also have dense 

reciprocal projections with the dorsal lateral prefrontal and anterior cingulate cortices and 

are believed to have a role in emotional and executive functions.4,5 The juxtaposition of the 

MD nucleus within limbic circuitry led to the hypothesis that alterations in this structure 

could account for the variety of symptoms observed in schizophrenia due to its central role 

in processing sensory information.6,7

The thalamus contains three main neuron types: excitatory relay cells, local inhibitory 

interneurons and gamma-aminobutryic acid (GABA)-ergic neurons in the reticular nucleus.8 

Large glutamatergic relay cells account for 60–70% of the neurons in the dorsal thalamus, 

whereas inhibitory interneurons account for the remaining 30–40% of neurons in this 

structure.9

Converging lines of evidence implicate abnormalities of thalamocortical circuits in 

schizophrenia.10 Resting thalamocortical oscillations were reduced in subjects with 

schizophrenia in prefrontal, premotor and motor, but not parietal, cortices, whereas another 

study found reduced thalamic functional magnetic resonance imaging–blood-oxygen-level-

dependent (fMRI BOLD) responses following cortical stimulation with single-pulse 

transcranial magnetic stimulation.11,12 In addition, there was reduced functional connectivity 

between the frontal cortex and the MD/anterior thalamus and increased connectivity 

between motor and somatosensory cortex and the thalamus in subjects with schizophrenia 

measured using resting-state fMRI.13 Taken together, these data suggest a marked 

abnormality of thalamocortical circuitry in schizophrenia.

The function of these excitatory circuits is dependent on the release and reuptake of 

glutamate, as well as the expression and localization of myriad receptors, enzymes and 

transporters. We have previously reported cell-specific decreases in ionotropic glutamate-

receptor transcripts in thalamic relay neurons in schizophrenia.14 We have also found 

increased region-level expression of excitatory amino-acid transporter (EAAT)-1 and 

EAAT2 transcripts in the thalamus using in situ hybridization, suggesting a profound 

alteration in glutamate transmission within the thalamus in this illness.15 To further test this 

hypothesis, we performed cell- and region-level studies of glutamate transporter expression 
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using western blot analyses, laser-capture microdissection (LCM) and quantitative 

polymerase chain reaction (QPCR) to assess the fidelity of the glutamate reuptake 

machinery in the limbic thalamus in schizophrenia. Several glutamate transporter splice 

variants are expressed in the brain, including exon 9 skipping variants that lack parts of the 

glutamate translocation site and a 3’ variant that contains a PDZ trafficking domain.16 As 

EAATs are expressed as trimers, expression of EAAT splice variants in disease states might 

profoundly affect glutamate uptake and biological processes associated with normal 

transporter functions. We also assessed expression of a negative modulator of EAAT2 

activity, G-protein pathway suppressor-1 (GPS1), as well as a marker of GABAergic 

inhibitory neurons, glutamic acid decarboxylase 67 (GAD67). We specifically hypothesize 

that cell-level changes in expression of glutamate transporters occur in thalamic relay 

neurons in schizophrenia.

MATERIALS AND METHODS

Tissue acquisition and preparation

Post-mortem brain tissue from patients with schizophrenia and a nonpsychiatrically ill 

comparison group was obtained from the Mount Sinai NIH Brain and Tissue Repository. We 

performed four specific experiments using post-mortem brain: two mRNA studies using 

LCM and QPCR, and two experiments using western blot analysis that examined different 

thalamic nuclei. Five subjects with schizophrenia and 10 control subjects were common to 

all four experiments (Supplementary Table S1). The Taqman and SYBR-Green mRNA 

studies have 15 control and 9 subjects with schizophrenia in common. Samples were not 

pooled in any of the experiments. Brains were obtained after autopsy and cut coronally into 

10 mm slabs and frozen until further dissection. Twenty-micrometer sections, cut from tissue 

blocks of the thalamus at a horizontal level ~ 6–9 mm dorsal to the interventricular plane 

(about 23.5–27.5 mm caudal to the anterior commissure), were mounted on 1×3 inch penfoil 

polymer or superfrost plus glass slides. After sectioning, the ventral tier and MD nuclei were 

grossly dissected from the remaining tissue blocks. The last section from the tissue block for 

each case was nissl stained and used as a guide for dissections. Thalamic nuclei were 

identified and anatomically matched using descriptions of thalamic architecture, detailed 

atlases and (previously published) in situ hybridization studies.15,17

We performed LCM, QPCR, western blot analyses, immunofluorescence and rodent 

antipsychotic studies as previously described.14,18,19 Full details of these methods and 

extensive quality control studies (Supplementary Figures S1–S4) are provided in the 

Supplementary Materials.

Quantification and statistical analysis

All data sets were analyzed for normal distribution. Data from the mRNA studies were 

probed for associations between age, postmortem interval (PMI), tissue pH or RNA integrity 

(RIN) and the dependent measures using Pearson’s product-moment correlation. Data from 

the protein studies were probed for associations between age, tissue pH or PMI and the 

dependent measures. For the mRNA and protein studies, outliers more than three standard 

deviations from the mean were not included in the analyses. Analysis of covariance was 
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performed if significant correlations were found. If no correlations were present, data were 

analyzed with analysis of variance. Secondary analyses were performed to assess the effects 

of sex on the dependent measures. All data sets were analyzed with Statistica (Statsoft, 

Tulsa, OK, USA).

RESULTS

We examined the expression of EAAT1, EAAT2, EAAT3, GPS1 and GAD67 protein using 

western blot analysis in the MD nucleus and the ventral tier nuclei of the thalamus.20 There 

were no significant associations between expression of EAAT1–3, GPS1 or GAD67 protein 

and age, pH, or PMI in the MD or ventral tier nuclei. In the MD nucleus, we found decreases 

in EAAT1 (F(1,23) = 5.03, P<0.05) and EAAT2 (F(1,21) = 11.3, P<0.01), but not EAAT3, 

GPS1 or GAD67 protein levels in subjects with schizophrenia (Figure 1). In the ventral tier 

nuclei, we detected a decrease in EAAT2 (F(1,22) = 4.73, P<0.05), but not EAAT1, EAAT3, 

GPS1 or GAD67 (Figure 1). No significant differences in β-tubulin were detected in any of 

our protein studies (data not shown). No effect of sex on the expression of EAAT1–3, GPS1 

or GAD67 proteins was detected in the MD or ventral tier nuclei (data not shown).

To determine which cell types account for the changes in EAAT protein expression, we used 

LCM to harvest excitatory glutamatergic relay neurons (large cells) and astrocytes (small 

cells) from the MD nucleus of the thalamus at a horizontal level ~ 6–9 mm dorsal to the 

interventricular plane, about 17.5–23.5 mm caudal to the anterior commissure (Figure 2).20 

Large cells were identified based on their size and distinctive morphology, whereas small 

cells were selected on the basis of size and the absence of distinctive structures such as an 

apical dendrite. Cells with intermediate size profiles or ambiguous morphology were not 

selected for harvest. The large cell population was enriched for vesicular glutamate 

transporter 2 (VGLUT2) mRNA, a marker of glutamatergic neurons expressed in thalamic 

relay neurons.21 Neuron-specific enolase (NSE) transcripts were slightly enriched in the 

large cell population, whereas glial fibrillary acid protein (GFAP) transcripts, a marker for 

astrocytes, were not enriched (Figure 2). The enriched population of astrocytes likely 

contains some GABAergic interneurons due to the presence of GAD67 transcripts in our 

small cell samples (Supplementary Figure S2).

We measured expression of transcripts for EAAT1, EAAT2 and EAAT3 using Taqman 

QPCR assays that detect regions of the EAAT mRNAs common to most splice variants 

(Figure 3a). In small cells, we found a significant association between EAAT1 and EAAT2 

expression and tissue pH (EAAT1: R = 0.63, P<0.05, EAAT2: R = 0.39, P<0.05), but not age 

or RIN. We also found a significant association between EAAT1 expression and PMI (R = 

0.47, P<0.05). In large cells, we found a significant association between EAAT2 and age (R 
= 0.44, P<0.05), but not PMI, RIN or tissue pH. We did not detect any associations between 

EAAT3 expression and age, pH, PMI or RIN.

We found a decrease in EAAT1 (F(1, 26) = 6.15, P<0.05), but not EAAT2 or EAAT3, 

mRNA expression in small cells harvested from the MD nucleus in subjects with 

schizophrenia (Figure 3a). We found an increase in EAAT2 (F(1,23) = 6.23, P<0.05), but not 
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EAAT1 or EAAT3, mRNA in the large cell population. No effect of sex on the expression of 

EAAT1–3 transcripts was detected in the small or large cell samples (data not shown).

In a separate experiment, we measured expression of EAAT1 and EAAT2 mRNAs and 

several EAAT splice variants using SYBR-Green QPCR assays in large and small cells 

harvested from the MD nucleus. In small and large cell populations, we did not find any 

significant associations between EAAT transcript expression and tissue pH, RIN, PMI or age 

of death. In small cells, we did not detect any changes in EAAT transcript expression in 

subjects with schizophrenia (Figure 3b). In the large cell sample, we detected increases in 

EAAT2 (F(1,17) = 6.46, P<0.05) and EAAT2b (F(1, 16) = 9.0, P<0.01) mRNAs, a decrease 

in EAAT1 exon 9 skipping (EAAT1×9) (F(1,19) = 15.1, P<0.01) mRNA, but no changes in 

EAAT1 or EAAT2 exon 9 skipping (EAAT2×9), (Figure 3b).

To graphically demonstrate the shift in expression of transporter splice variants in an 

astrocyte-enriched sample to a neuronal-enriched sample, we plotted the relative expression 

levels of EAAT2 and EAAT2b mRNAs in large and small cells from the dye-based QPCR 

experiments (Figure 3c). As the large and small cell populations were analyzed separately 

using a relative quantification approach, we only compared schizophrenia versus the control 

group for each transcript.

Other than EAAT2 mRNA expression in the small cell sample (females4males, F(1, 22) = 

7.36, P<0.01), no effect of sex on the expression of EAATs was detected in the SYBR-Green 

PCR studies (data not shown).

As EAAT2 mRNA is reportedly expressed at low levels in neurons, we performed double-

label immunofluorescence to determine if EAAT2 protein localizes to neurons in 

schizophrenia.22,23 EAAT2 protein was expressed in a diffuse, punctate manner consistent 

with the expression in astrocytic processes in the MD nucleus in subjects with schizophrenia 

(Figures 4a and d).24,25 EAAT2 was also expressed in small or intermediate size cells with 

the morphology of neurons (Figures 4a and d, small white arrows). EAAT2 expression 

colocalized with the neuronal marker NeuN (Figures 4c and e, arrows), but not GAD67 (data 

not shown) in these cells. A subset of larger cells with an excitatory relay neuron-like 

morphology also expressed NeuN and EAAT2 (Figure 4e). We did not detect a fluorescent 

signal in sections stained with control antibodies (Supplementary Figure S4).

We assessed the effects of antipsychotic medication on the expression of EAATs in the 

thalamus in rats treated for 9 months with haloperidol decanoate. Haloperidol was used for 

these studies as most of the human subjects in our study were taking typical antipsychotics. 

Using SYBR-Green QPCR, we found increased expression of EAAT1 (F(1,15) = 15.9, P = 

0.05), EAAT2 (F(1,15) = 19.2, P<0.01) and EAAT1×9 (F(1,13) = 4.6, P<0.01) transcripts 

(Figure 5a). We did not detect changes in EAAT2b mRNA. We were unable to measure 

EAAT2×9 mRNA because we could not validate an assay for this splice variant in the 

rodent. Using western blot analysis, we found an increase in EAAT2 protein (F(1,18) = 17.2, 

P<0.01), whereas changes in EAAT1 protein were not detected (Figure 5b).
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DISCUSSION

We have previously reported increased region-level expression of EAAT1 and EAAT2 

transcripts in the thalamus in schizophrenia using in situ hybridization. From these results, 

we hypothesized that glutamate uptake capacity in astrocytes may be increased, based on the 

observations that (1) EAAT1 and EAAT2 are predominately expressed on astroglia26 and (2) 

these transporters account for the large majority (about 90%) of Na+-dependent glutamate 

reuptake in most brain regions.27,28 In the present study, we first measured protein levels of 

the transporters in the MD nucleus and ventral tier nuclei, and found significant decreases in 

EAAT1 and EAAT2 protein expression. This discrepancy with our previous mRNA studies 

may be explained by subsequent work demonstrating that EAAT1–2 may also be expressed 

in neurons in normal brain,22,23 and that cellular localization of glutamate transporters may 

be altered in diseases of the central nervous system.29–31 Thus, we tested the hypothesis that 

there are cell-level changes in transporter expression in the thalamus in schizophrenia. In the 

MD nucleus, using LCM–QPCR, we detected a shift in expression of transporter splice 

variants from a population of cells enriched for astrocytes (small cells), to a population 

enriched for excitatory relay neurons (large cells) in this illness. Using immunofluorescence, 

we confirmed the expression of EAAT2 protein in cells positive for the neuronal marker 

NeuN in a subset of subjects with schizophrenia. Changes in region-level EAAT1–2 

expression in antipsychotic-treated rats, with the one exception of EAAT2 transcripts, were 

in the opposite direction of our human findings. Increased expression of glutamate 

transporters on neurons suggests a loss of astroglial reuptake capacity, and may be a 

pathophysiological sign of disrupted coupling of glutamate metabolism between neurons 

and astrocytes.

Localization of glutamate transporters to astrocytes facilitates Na+-dependent glutamate 

reuptake; transporters are co-expressed in perisynaptic regions with Na+/K+ ATPases, 

mitochondria and glycolytic enzymes.32–35 Functional coupling of these elements facilitates 

rapid glutamate reuptake, maintenance of the Na+/K+ gradients, and provides adenosine 

triphosphate (ATP), lactate, and other energy intermediates to maintain and regulate these 

processes.36 A shift in transporter expression from astrocytes to neurons may significantly 

impair critical reciprocal functions between these cells that facilitate normal brain function.

A cellular shift in the expression of EAAT2 has been previously characterized in 

amyotrophic lateral sclerosis (ALS).31 Cell-level immunohistochemical studies found 

decreased expression of EAAT2 in astrocytes, with an increase of the EAAT2 splice variant 

EAAT2b in motor cortex neurons.31 Diminished global EAAT2 protein expression in 

astrocytes likely accounts for the large deficits in glutamate reuptake present in ALS, and is 

the most consistently replicated finding amongst animal models of ALS, as well as 

postmortem studies of spontaneous and familial ALS cases.31 Some cases of ALS have as 

high as a 90% decrease in region-level expression of EAAT2 protein, while region-level 

decreases of EAAT2 protein expression in the superior temporal gyrus, hippocampus and 

thalamus in schizophrenia are more modest, in the 20–30% range.37
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The authors of these ALS studies speculate that diminished glutamate reuptake increases 

inward calcium currents in post-synaptic neurons, initiating excitotoxic events including 

dissociation of mitochondrial proteins.31 Recent findings may support this hypothesis.

Dissociation of the enzyme hexokinase from mitochondrial voltage-dependent anion channel 

diminished EAAT2-mediated glutamate reuptake in rodent brain.35 EAAT2, hexokinase and 

voltage-dependent anion channel are components of a putative glutamate transport protein 

complex that is tightly linked spatially and functionally to mitochondria.19,38 Interestingly, 

we found an increase in the ratio of cytoplasmic:mitochondrial hexokinase protein 

expression in frontal cortex in schizophrenia, suggesting disruption of the glutamate 

transport protein complex in this illness.19

Increased expression of transcripts for EAAT2 splice variants was also found in neurons 

following hypoxia, spinal cord injury and traumatic brain injury.29,39–43 These data suggest 

a common pathological mechanism in diseased or injured brain, where increased neuronal 

expression of glutamate transporter isoforms may represent a compensatory response in the 

setting of diminished astroglial glutamate reuptake.44,45 This shift, a sort of ‘glialization’ of 

neurons, also appears to be present in schizophrenia, as we found a similar effect in the 

thalamus in this illness. Although the expression of EAAT2 splice variants is postulated to 

have a protective effect, the benefits of a shift of EAAT2-mediated glutamate reuptake may 

be limited, as overexpression of EAAT2 in neurons in hippocampal slices lowered the 

threshold for glutamate-mediated excitotoxicity.29,46

The predominant isoform of EAAT2 that we found increased in an enriched population of 

thalamic relay neurons is EAAT2b, a variant with a unique intronic coding sequence that 

retains the ability to transport glutamate and regulate extrasynaptic glutamate levels.16,44,47 

EAAT2b has 11 unique amino acids at the C terminus containing a PDZ domain.48 PDZ 

domains facilitate protein–protein interactions by binding specific target domains on other 

proteins and are found on a large number of post-synaptic density (PSD) proteins.49

Interestingly, glutamate transporter-1b (GLT1b), the rodent variant of EAAT2b, likely has a 

direct protein–protein interaction with PSD95, a ubiquitous PSD marker found in post-

synaptic neurons, as well as protein interacting with C-kinase-1 (PICK1), an α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor interacting protein.48,50 

These properties suggest that EAAT2b may be trafficked to PSDs, an idea supported by 

ultrastructural studies localizing EAAT2 to the PSD in normal human brain.23 Our 

immunohistochemistry studies (Figure 5) suggest a somatic distribution for EAAT2 protein 

expression in some neurons, which is consistent with the pattern observed in ALS.44 

However, the present work lacks the resolution to determine if neuronal expression of 

EAAT2 protein is selectively increased in the PSD in schizophrenia.

We have previously reported an increase in EAAT2b protein levels in schizophrenia in a 

cytosolic fraction prepared from cortical tissue homogenate containing astroglia and 

neurons.19 In this previous study, although the PSD was not directly assessed, we did not 

detect changes in EAAT2b protein levels in the fractions containing PSDs. We have also 

found an increase in EAAT2b transcripts in an enriched population of pyramidal neurons 
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harvested from the anterior cingulate cortex in subjects with schizophrenia.51 Taken 

together, these data suggest that neuronal EAAT2b expression is somatic and/or cytosolic in 

disease states, and might not be properly trafficked to the PSD or other domains where 

EAAT2 is expressed at low levels in neurons in normal brain.23 Trafficking of proteins to 

and from microdomains such as the PSD is tightly regulated, and accumulating evidence 

suggests that this process may be disrupted in schizophrenia.52–54

We found a decrease in EAAT1 protein in the MD nucleus, and a corresponding decrease in 

EAAT1 mRNA in cells enriched for astrocytes. We previously reported diminished EAAT1 

protein levels in the frontal cortex and superior temporal gyrus in schizophrenia.37,55,56 

EAAT1 and EAAT2 expression is generally found in nonoverlapping subsets of glia, 

suggesting that changes in EAAT1 expression are in a functionally discrete subset of cells 

that do not express EAAT2.57 Glutamate aspartate transporter (GLAST; rodent EAAT1) 

knockout mice have behavioral endophenotypes associated with schizophrenia, including 

deficits in working memory and acoustic startle, without a decrease in EAAT2 expression.
58,59 These rodent studies suggest that diminished EAAT1-mediated glutamate reuptake 

alone is sufficient to contribute to the genesis of core signs and symptoms of this illness. 

Supporting this hypothesis, one subject with schizophrenia with a partial deletion of EAAT1 

has been reported. Generation of a transgenic animal with this genetic lesion might provide 

an important model for studying the role of glutamate transport in this illness.60 Regardless 

of whether the loss of EAAT1 expression is genetic or acquired, decreases in EAAT1 protein 

expression across limbic regions may significantly contribute to the pathophysiology of this 

disease.

We also found decreased transcripts for the EAAT1×9 splice variant in an enriched 

population of relay neurons in schizophrenia. The EAAT1×9 variant does not transport 

glutamate, as it lacks the glutamate translocation domain within exon 9.61 In cell culture, 

coexpression of EAAT1×9 with native EAAT1 reduced insertion of EAAT1 complexes into 

the plasma membrane, exerting a dominant negative effect of EAAT1-mediated glutamate 

reuptake.62 The authors of this study speculate that this splice variant has a potent regulatory 

role in astroglia, as EAAT1×9 is widely distributed in normal brain.62 The effects of 

EAAT1×9 in neurons have not been investigated. EAAT1×9 expression has been reported in 

pyramidal cells in Alzheimer’s disease, and in neurons in hypoxia, where it may act as a 

marker of cells at risk for excitotoxic injury.30,63 Further work is needed to determine if 

EAAT1×9 transcripts are translated to protein in neurons and what role a change in 

expression of this variant would have on neuronal function.

In contrast to EAAT1×9, we did not find changes in thalamic EAAT2×9 expression in our 

study. We also did not find changes in EAAT2×9 transcripts in LCM-acquired pyramidal 

neurons from the frontal cortex,51 suggesting that cell-level changes in EAAT2 splice variant 

expression in neurons in schizophrenia are specific to EAAT2b.

Although the changes in glutamate transporter expression in thalamus could be 

compensatory, causative or both, we postulate that the region-level decrease in EAAT1 and 

EAAT2 protein expression reflects a loss of astrocytic glutamate reuptake and buffering in 

this structure. These changes might indicate a primary deficit in astrocytes, a selective loss 
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of function, a decrease in astrocytes themselves, and/or a loss of astrocyte processes. Several 

studies have reported thinning of cortical gray matter, accompanied by decreased density of 

astrocytes, as well as a loss of neuropil.64 These findings suggest a marked abnormality in 

the ultrastructural elements that account for the large volume of gray matter not occupied by 

cell bodies or synapses. Regardless of the mechanism, diminished astrocyte-mediated 

glutamate reuptake could lead to pathological spillover of glutamate from excitatory 

synapses, activating extrasynaptic glutamate receptors that modulate diverse processes, 

including presynaptic neurotransmitter release as well as cell death pathways that regulate 

spine turnover.65–69 Such changes may lead to a compensatory response in neurons that 

includes increased expression of glutamate transporters. Interestingly, the kinetics of 

excitatory post-synaptic currents may be slowed by limiting surface diffusion of astrocytic 

transporters, suggesting that impairment of perisynaptic glutamate reuptake and buffering 

directly leads to alterations in neuroplasticity.70

Although more work is needed to assess the nature and degree of alterations in thalamic 

neurons, accumulating evidence from neuroimaging studies suggests dysfunction in 

thalamocortical networks in schizophrenia with the MD nucleus as the primary locus of 

dysconnectivity.6,11,13,71 These deficits may underlie abnormalities of cortical oscillations, 

as thalamo–cortico–thalamic circuit activation organizes and supports neuronal synchrony in 

the gamma band width, and may be essential during cognitive and sensory processing.72–76

In summary, in the MD nucleus we found cell-type-specific changes in EAAT mRNA 

expression in enriched populations of neurons and astrocytes, with a global decrease in 

EAAT2 protein expression. These data suggest that astrocyte functions that rely on 

glutamate uptake to support neuronal activity are compromised, contributing to well-

characterized deficits of thalamocortical circuits in schizophrenia. Further work will be 

required to determine if this pathophysiological mechanism is specific to schizophrenia, or 

whether it is also found in other psychiatric illnesses, such as mood disorders, where 

derangements of glutamate transmission may also have a central role.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Western blot analyses of excitatory amino-acid transporter 1 (EAAT1), EAAT2, EAAT3, G-

protein pathway suppressor-1 (GPS1) and glutamic acid decarboxylase-67 (GAD67) protein 

in tissue homogenate from the mediodorsal (SCZ N = 13, Comp N = 16) and ventral (SCZ N 
= 13, Comp N = 15) nuclei of the thalamus in schizophrenia (SCZ) and comparison subjects 

(Comp). Data are normalized to β-tubulin protein levels assayed in the same lane on the 

same blot. Data are expressed as means ± s.e.m. *P<0.05.
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Figure 2. 
Top: Autoradiogram of in situ hybridization for EAAT2 mRNA in the human thalamus. The 

highlighted region is the mediodorsal (MD) nucleus of the thalamus. Middle: Nissl stain of a 

20-μm tissue section from the MD nucleus, × 20 magnification. Relay neurons (large cells, 

big circles) and astrocytes (small cells, small circles) were identified based on morphology. 

Bottom: QPCR analysis of markers for relay neurons (VLGUT2, NSE) and astrocytes 

(GFAP) harvested using laser-capture microdissection. Data are expressed as means ± s.e.m. 

of the ratios of values for each subject for 500 large cells/500 small cells (n = 23). Large and 

small cells were captured from the same tissue section with different caps. EAAT2, 

excitatory amino-acid transporter 2; GFAP, glial fibrillary acidic protein; NSE, neuron-

specific enolase; VGLUT2, vesicular glutamate transporter 2.
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Figure 3. 
(a) Probe-based QPCR analysis of excitatory amino-acid transporters (EAATs) 1, 2 and 3 

transcripts isolated from enriched populations of astrocytes (small cells) and relay neurons 

(large cells) from the mediodorsal (MD) nucleus of the thalamus obtained using laser-

capture microdissection (LCM). N = 12 subjects with schizophrenia, N = 20 comparison 

subjects. (b) Dye-based QPCR analysis of native EAATs (EAAT1 and EAAT2) and the 

splice variant EAAT1 exon 9 skipping (EAAT1×9), EAAT2b and EAAT2 exon 9 skipping 

(EAAT2×9) transcripts isolated from enriched populations of astrocytes (small cells) and 

relay neurons (large cells) from the MD nucleus of the thalamus obtained using LCM. N = 9 

subjects with schizophrenia, N = 15 comparison subjects. (c) Relative expression levels of 

EAAT2 and EAAT2b in large and small cells from the dye-based QPCR experiments. Large 
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and small cell samples were processed separately, normalized to the geometric mean of three 

housekeeping genes, and analyzed with the standard curve method for relative quantification 

using a pooled calibrator sample for each population of cells. Data are expressed as means ± 

s.e.m. *P<0.05.
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Figure 4. 
EAAT2 protein localization in the mediodorsal nucleus of the thalamus in subjects with 

schizophrenia. Labeling of cell profiles with (a and d) EAAT2 (green), (c and f) NeuN (red) 

and (b and e) merge of NeuN and EAAT2 (yellow). The top row (a–c) are images from a 

Mount Sinai NIH Brain and Tissue Repository subject, the bottom row (d–f) images are 

from an Alabama Brain Collection subject. The small white arrows indicate intermediate 

size cells double labeled for NeuN and EAAT2. The white double arrow indicates a larger 

cell with relay neuron-like morphology. Isotype and species-specific preimmune IgG control 

studies are shown in Supplementary Figure S4.
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Figure 5. 
(a) Dye-based QPCR analysis of excitatory amino-acid transporter 1 (EAAT1), EAAT2, 

EAAT1 exon 9 skipping (EAAT1×9) and EAAT2b transcripts isolated from the thalamus of 

rats (N = 10 per group) treated with haloperidol decanoate (28.5 mg kg−1 every 3 weeks) or 

vehicle (sesame oil) for 9 months. (b) Western blot analyses of EAAT1 and EAAT2 protein 

in tissue homogenate from the thalamus in rats treated as described above for panel (a). 

Protein data are normalized to β-tubulin protein levels assayed in the same lane on the same 

blot. Data are expressed as means ± s.e.m. *P<0.05.
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