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Supplementary Materials. Supplementary Methods and Results. 

Tissue acquisition and preparation. Subjects were matched for age, postmortem interval (PMI) 

and pH (Table S1). The medical records of the subjects designated as controls were examined 

using a formal blinded medical chart review instrument as well as in person interviews with the 

subjects and/or their caregivers. All studies and data analyses described in this manuscript were 

performed by technicians that were blind to diagnosis and treatments. The subjects were 

evaluated for National Institute of Neurological Disorders and Stroke and the Association 

Internationale pour la Recherche et l'Enseignement en Neurosciences (NINCDS-AIREN) criteria 

for a diagnosis of vascular dementia; NINCDS, Diagnostic and Statistical Manual of Mental 

Disorders-IV (DSMIV) and Consortium to Establish a Registry for Alzheimer's Disease 

(CERAD) diagnosis of dementia; Consensus criteria for a clinical diagnosis of Probable or 

Possible diffuse Lewy body disease; unified Parkinson's disease rating scale (UPDRS) for 

Parkinson’s disease; clinical criteria for diagnosis of Frontotemporal dementia; medical history 

of psychiatric disease; history of drug or alcohol abuse; and other tests of cognitive function 

including the mini mental status exam (MMSE) and clinical dementia rating (CDR). In addition, 

each brain tissue specimen was examined neuropathologically using systematized macro- and 

microscopic evaluation using CERAD guidelines. Since the patients in our cohort were elderly at 

the time of death, many of the subjects have the cognitive impairment associated with aged 

subjects with schizophrenia [1-4]. All samples were derived from the left side of the brain. 

Subjects with schizophrenia were diagnosed with this illness for at least 30 years. Samples 

blocks were processed for Western blot analyses using a dissection scope. Guided by a nissl 

stained section for each subject, as well as images of the subject generated using in situ 

hybridization for EAAT2, the mediodorsal (MD) nucleus and the ventral tier nuclei were 
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dissected with a scalpel.  

Laser capture microdissection. The Veritas Microdissection instrument and CapSure Macro 

LCM caps (Molecular Devices, formerly Arcturus, Mountain View, CA) were used for laser 

capture microdissection (LCM). Frozen tissue sections were thawed at room temperature and 

fixed with PALM Liquid CoverGlass N (P.A.L.M. Microlaser Technologies AG, Bernried, 

Germany) and allowed to dry. Tissue sections were rehydrated with distilled H20 and then 

underwent rapid nissl staining with an RNAse-free cresyl-violet solution (1% cresyl violet, 1% 

glacial acetic acid, pH 4.0). Slides were then dehydrated through serial ethanol washes and 

soaked in xylene for 10 minutes. Microdissection was performed under the 20X objective lens 

with laser settings ranging from 70-100mW in power, and 2,000-3,000 µsec in duration.  

Separate caps were used for each subject and each cell population.  Following cell capture, each 

cap was separately incubated with 50 µl of PicoPure RNA extraction buffer (Molecular Devices) 

in a 0.5 mL microcentrifuge tube (Applied BioSystems, Foster City, Ca) for 30 min at 42º C.  

Samples were then centrifuged for 2 min at 800 × g and stored at -80º C.   

 

RNA isolation and reverse transcription. RNA was isolated from the laser capture 

microdissected neurons using the PicoPure RNA isolation kit (Molecular Devices, Sunnyvale 

CA) according to the manufacturer’s protocol. cDNA was synthesized using a High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) using 8 μL of total 

RNA. 

 

cDNA Pre-Amplification. The TaqMan assays or SYBR-Green primer pairs (Table S2) were 

pooled and diluted with TE buffer (10mM Tris-Cl, 1mM EDTA, pH 8.0) to a final concentration 
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of 0.2x, and were combined with Taqman Preamp Master Mix (Applied Biosystems) or SYBR-

Green Master Mix (Applied Biosystems), and cDNA for the preamplification PCR reaction.  The 

PCR cycles were: 1 cycle of denaturing at 95ºC for 10 min, then 14 cycles of denaturing at 95 º 

C for 14 sec and annealing at 60ºC for 4 min.  Pre-amplified samples were diluted 1:3 with TE 

buffer and stored at 20ºC until used in real-time PCR assays. 

 

TaqMan Quantitative RT-PCR. RT-qPCR TaqMan gene expression assays (Applied Biosystems) 

were used to measure expression of 18s (Hs99999901_s1), -actin (Hs99999903_m1), 

cyclophillin A (Hs99999904_m1), vesicular glutamate transporter 1 (VGLUT1: 

Hs01574209_m1), VGLUT2 (Hs00220439_m1), neuron specific enolase (NSE: 

Hs00157360_m1), glial fibrillary acidic protein (GFAP: Hs00909233_m1), glutamic acid 

decarboxylase 67 (GAD67: Hs01065893_m1) EAAT1 (Hs00188193_m1), EAAT2 

(Hs00188189_m1) and EAAT3 (Hs01060448_m1). Each reaction was performed in duplicate in 

a 10 uL volume consisting of 8 uL Jumpstart Taq Readymix (Sigma-Aldritch), 0.7 uL TaqMan 

probe, 3.3 uL RNAse/DNAse free water, and 3 uL pre-amplified cDNA. Cycling conditions 

included an initial 2-minute hold at 50°C and a 10-minute denaturation at 95°C followed by 50 

cycles of 95°C for 15 seconds and 60°C for 1 minute. A pooled calibrator cDNA sample and a 

set of serial dilutions ranging from 1:5 to 1:40 were included on each plate to determine a 

standard curve for the quantification of each gene. For the negative controls, cDNA was replaced 

with an equivalent volume of RNAse/DNAse-free water. Each assay was performed in 96-well 

optical reaction plates (Stratagene) on a Stratagene Mx3000P qPCR system. The standard curve 

method was used for relative quantification. The values for duplicate samples were averaged and 

normalized to the geometric mean of 3 housekeeping genes, 18s, -actin and cyclophillin A. 
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SYBR-Green Quantitative RT-PCR. SYBR-Green RT-qPCR primers were designed with the Sci-

Ed Central Primer Designer software (Scientific & Educational Software)(Table S2). Each 

reaction was performed in duplicate in a 20 uL volume consisting of 10 uL SYBR-Green PCR 

master mix (Applied Biosystems), 5 uL RNAse/DNAse free water, 10 pmol of forward primer, 

10 pmol of reverse primer, and 3 uL pre-amplified cDNA. Cycling conditions included an initial 

10 minute denaturation at 95°C followed by 60 cycles of 15 seconds at 95°C and 1 minute at the 

annealing temperature. An annealing temperature of 63°C was used for EAAT2 exon 9-skipping 

(EAAT2x9) and 59°C for all other assays. The same calibrator sample, negative control, plate 

set-up and PCR protocols were used as with the TaqMan expression assays. All of our SYBR-

Green assays showed a single band at the predicted size; we confirmed the specificity of the 

assays by excising, extracting, and sequencing the amplified DNA from these validation studies.  

 

RNA integrity studies. 20 m tissue sections were scraped from glass slides using a sterile 

scalpel. Total RNA was isolated using the Trizol reagent and protocol.  RNA samples were 

analyzed using protocols and supplies described in Agilent RNA 6000 Nano Kit guide 

(Cat#5067-1511).  RIN values were generated with the Agilent 2100 bioanalyzer (software ver. 

B.02.07.SI532).  

 

Immunofluorescence studies. We performed qualitative immunofluorescence studies using tissue 

sections from 4 subjects with schizophrenia and 2 control subjects as previously described [5]. 

One of these schizophrenia subjects was provided by the Alabama Brain Collection (ABC) 

(female, age 63 years) that was not included in the other studies in this report. Fresh frozen 



 

 5 

 

thalamic sections (40m for the ABC sample, 20m for all others) were removed from the 

freezer, air dried for 5 minutes, a circle drawn around each section with a wax pen, and then 

dried for 5 minutes. Sections were then incubated in phosphate buffered saline (PBS, pH 7.4) for 

10 minutes on an orbital shaker.  The sections were then fixed with 4% paraformaldehyde 

solution for 10 minutes at -20°C. Sections were washed again with PBS for 10 minutes, and 

blocked with 10% normal donkey serum (Jackson Immuno Research, #017-000-001) diluted 

with PBS for two hour at room temperature.  Next, sections were incubated overnight at 4°C in a 

humidified chamber with the primary antibody (EAAT2, 1:1000, Millipore #AB1783; NeuN, 

1:500 dilution, Abcam ab77315).  The EAAT2 antibody was tested using cortical brain tissue 

homogenates and Western blot analysis, and found to give bands that migrated at the expected 

molecular weight [6-8].  Preadsorption with a blocking peptide for this EAAT2 antibody 

eliminated the EAAT2 bands on the Western blot [9]. Antibodies were diluted with 0.3% triton 

X-100 in PBS with 5% normal donkey serum.  For our negative isotype control studies, we 

replaced the primary antibody with species specific IgG at the same dilution.  Following 

incubation with the primary, sections were washed 3 times with PBS for 10 minutes each.  

Secondary antibodies were diluted in 0.3% Tx PBS with 5% normal donkey serum and incubated 

with the sections in the dark for two hours at a 1:400 dilution (donkey anti-guinea pig with 

Alexafluor 488, (A-11073), Life Technologies, and donkey anti-mouse conjugated with 

Alexafluor 594, (A-21203) Life Technologies and then washed in PBS for 10 minutes at room 

temperature.  To remove background fluorescence, we applied 4 drops of autofluorescence 

reducer to each section for 5 minutes (Autofluorescence Eliminator Reagent with Sudan Black B, 

Millipore 2160).  Sections were then incubated in 75% ethanol for 5 minutes and washed 3 times 

with PBS for 10 minutes.  Slides were then tapped dry and mounted with 1-2 drops of ProLong 
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Gold antifade mounting media with DAPI (Invitrogen, P36931). We then viewed the labeled 

sections using a Leica confocal microscope and generated images using 25 stacks. 

 

Western blot analysis. Western blot studies were performed as previously described [10, 11]. 

Commercial antibodies for EAAT1 (rabbit anti-EAAT1 (sc-15316) 1:200 dilution; Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA, USA), EAAT2 (guinea pig anti-EAAT2 (AB1783) 1:1000 

dilution; Millipore, Billerica, MA, USA), EAAT3 (Rabbit anti-EAAT3 (EAAC11-S) 1:1000 

dilution; Alpha Diagnostic International, San Antonio, Texas, USA), G-protein pathway 

suppressor-1 (GPS1) (Goat anti-GPS1 (ab10413) 1:1000 dilution; Abcam), GAD67 (Mouse anti-

GAD67 (MAB5406) 1:1000; Chemicon) and β-tubulin ((MAB1637) 1:10 000 dilution; Upstate). 

Species appropriate IR-Dye labeled secondary antibodies (1:10 000 dilution; Li-Cor, Lincoln, 

Nebraska, USA) were used to detect primary antibodies.  

 Thalamic tissue was dissected from the blocks used for generating tissue sections for our 

LCM studies. We estimate that there were 3-4 mm of tissue left on each block yielding 500-1000 

l homogenized tissue, with typical concentrations in the 2-6 g/l range for most samples. 

Tissue dissected from specific thalamic nuclei was thawed on ice and homogenized with a 

polytron at speed setting 5 for 60 seconds in buffer containing 0.32M sucrose, 5mM Tris-HCl, 

and 1 tablet of EDTA-free Complete Mini protease inhibitor (Roche) per 20 mL total volume. 

Homogenized brain samples were placed in reducing buffer containing β-mercaptoethanol and 

heated at 70°C for 10 min. Duplicate samples were run by SDS–polyacrylamide gel 

electrophoresis on Invitrogen (Carlsbad, California, USA) 4–12% gradient gels, and then 

transferred to polyvinylidene fluoride membrane using BioRad semi-dry transblotter (Hercules, 

California, USA). The membranes were blocked in Li-Cor blocking buffer for 30 min at room 



 

 7 

 

temperature, and probed with primary antibody in Li-Cor blocking buffer. Blots were incubated 

in EAAT2 and EAAT3 antibodies overnight at 4
o
C while samples were incubated with EAAT1, 

GAD67, GPS1 and β-tubulin antibodies at room temperature for 2 hours. The membranes were 

washed three times for 5 min each in 0.01% Tween phosphate buffer solution then probed with 

IR-Dye labeled secondary antibodies in Li-Cor blocking buffer for 2 hours at room temperature. 

Washes were repeated after secondary labeling and then placed in water before imaging. The 

blots were scanned using the Li-Cor laser-based image detection method. We tested our EAAT1, 

EAAT2, EAAT3, GPS1, GAD67, and beta-tubulin Western blot assays using varying 

concentrations of total protein of human cortical tissue homogenate. These control studies 

demonstrated that our assays were linear for the protein concentrations used in our studies. 

 

Animal studies. Rodent studies were performed in accordance with the institutional animal care 

and use committee (IACUC) guidelines at the University of Alabama at Birmingham. All studies 

and data analysis were performed by technicians that were blind to treatments. Adult male 

Sprague-Dawley rats (8 weeks; 250 g) were housed in pairs and maintained on a 12 hour 

light/dark cycle. Rats were randomized to receive 28.5 mg/kg haloperidol-decanoate or vehicle 

(sesame oil) by intramuscular injection every 3 weeks for 9 months [12-15]. Brain tissue was 

dissected and stored at -80
o
C. Two different sets of rats (N = 10 per group, 40 rats total; sample 

size determined based on previous studies) were used for the protein and mRNA studies. For the 

mRNA studies, the right half of each rodent thalamus was processed with the RNeasy Mini Kit 

(Qiagen) according to the manufacturer’s protocol. cDNA was then reverse transcribed, 

amplified, and analysed as described above using Sybr-Green RT-qPCR (Table S2). For our 

protein studies, the right half of each rodent thalamus was thawed on ice and homogenized with 
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a polytron at speed setting 5 for 60 seconds in buffer containing 0.32M sucrose, 5mM Tris-HCl, 

and 1 tablet of EDTA-free Complete Mini protease inhibitor (Roche) per 20 mL total volume. 

Western blots were run and quantified as described above. 

 

Quality control studies.  

 Since application of the laser capture microdissection (LCM) methodology to human 

postmortem brain tissue is relatively novel, we performed several quality control studies to 

demonstrate the feasibility and validity of the technique [16-18]. We first piloted our LCM 

studies using tissue from a region of convenience, the anterior cingulate cortex. We chose this 

region based on availability of tissue sections on glass slides, as well as the readily identifiable 

morphology of the large pyramidal neurons in the deep layers of the cortical gray matter (Figure 

S1). We found we were consistently able to harvest 500 large cells with pyramidal-neuron 

morphology and 500 small cells from the same tissue section in about 3 hours. Each of the cell 

types were harvested on a separate capture cap. Small cells with a small, circular, punctuate 

nucleus were selected for harvest, and assumed to be a mixture of glia and interneurons. These 

enriched cell populations were assayed using QPCR for markers of pyramidal neurons (vesicular 

glutamate transporter1 (VGLUT1) and neuron specific enolase (NSE)), as well as astrocytes 

(glial fibrillary acidic protein (GFAP)) and interneurons (glutamic acid decarboxylase 67 

(GAD67)) as described above. The QPCR cell-marker data (Figure S2) are expressed as a ratio 

of the values of large cells to small cells for each subject analyzed (N = 5-7); this ratio serves as 

an internal control for variability between LCM sessions. The large cells are enriched for 

VGLUT1, while the small cells are enriched for GFAP and GAD 67 (Figure S2). The ratios for 

NSE were equivocal, consistent with the presence of neurons in both the large and small cell 
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preparations (Figure S2). 

 One of the challenges of working with human postmortem tissue is RNA integrity (RIN). 

Postmortem samples are already at risk for degradation due to the postmortem interval (PMI), 

which is often more than 10 hours, due to the unavoidable collection processes associated with 

tissue banking. In addition, the LCM method involves staining the section and keeping it at room 

temperature for up to 3 hours. Thus, we simulated the LCM conditions, and incubated tissue 

sections at room temperature for 0 or 3 hours, with or without staining (Figure S3). Tissue 

sections were then scraped from the glass slide using a sterile scalpel blade, and processed for 

mRNA extraction, QPCR, and bioanalysis as described above. We found that tissue sections 

stored for 3 hours at room temperature following staining with our modified RNAse-free nissl 

stain had RIN values similar to sections processed right out of the freezer (0 hours, no 

stain)(Figure S3). Staining and 3 hours at room temperature generally did not impact mRNA 

expression levels, with the possible exception of NSE transcripts. 

 We were not able to detect a measurable RIN signal with laser-microdissected samples 

with up to 2,000 cells/sample. However, we have successfully performed microarray analysis 

(unpublished observation) using mRNA extracted from 2,000 pyramidal neurons using 

methodology identical to that in this manuscript, and found the sample was suitably intact for 

high fidelity hybridization to the array substrate. In summary, our quality control studies suggest 

that we are able to consistently harvest an enriched population of neurons based on 

morphological identification with minimal impact on mRNA quality. 

 

In situ hybridization. The top panel in figure 1 was generated using [35S]-in situ hybridization as 

previously described [19]. 
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Power analyses. Power analyses for these experiments were based on means and variances from 

prior (historical) region level studies for mRNA or protein. For example, based on a detecting a 

difference of mean protein concentrations of 0.25, a sample standard deviation of 0.25, N = 20 

per group, and k = 2 groups, we have calculated a ‘phi’ statistic of 2.2, which yields an 

approximate power value (1 – beta) of 0.94. 

 

Additional statistical matters. Because our subject groups have unequal numbers, we assessed 

each of our dependent measures for compliance with homogeneity of variance using the F test. 

The large majority of our dependent measures were compliant; three of our dependent measures 

where we detected changes in schizophrenia versus controls with ANOVA violated this 

assumption. For these three measures we performed Welch’s t-test which probes for statistical 

differences between groups with unequal variances; two were significant (Taqman assay small 

cells, EAAT1 P = 0.004, Sybr green assay large cells EAAT2b, P = 0.02), and a third was near 

significant (Sybr green assay, large cells, EAAT2, P = 0.1).  

 

Supplementary discussion: 

 In contrast to our findings for the EAAT1-2, we did not detect significant differences in 

GAD67 or GPS-1 protein expression in the MD or ventral tier nuclei in schizophrenia. GPS-1 is 

an EAAT2 interacting protein reported to be a negative regulator of EAAT2-mediated glutamate 

uptake activity [20]. We previously reported increased cortical expression of this protein in 

schizophrenia, suggesting differential regulation of EAAT2 function in these brain regions. Our 

GAD67 findings are consistent with a prior study that found no changes in GAD67 mRNA 



 

 11 

 

expression in the MD nucleus, although GAD67 mRNA levels were significantly altered in the 

anterior nucleus [21, 22]. Since other markers of interneurons have not been comprehensively 

studied in the thalamus in schizophrenia, the possibility remains there may be subtle changes in 

GABAergic interneuron function in this illness. 

 We found an effect of sex on EAAT2 mRNA in small cells using our Sybr green, but not 

Taqman, LCM-QPCR assay. Our sample cohort were not well balanced for sex (supplementary 

Table 1), which is a possible limitation of the study. However, we did not detect any other effects 

of sex with our other dependent measures, raising the possibility that this sex effect for EAAT2 

is a false positive. An alternative explanation is that the change seen with the sybr assay is a true 

positive, and there may be a subtle effect of sex on transporter expression, as estrogen is a potent 

regulator of EAAT2 expression in astrocyte cultures [23]. 

 Our initial immunofluorescence studies were performed using fresh frozen 20 m 

sections. At this thickness, appreciable neuronal density is much lower than in 30-50 m sections 

which are typically used for staining. In a subset of our schizophrenia sujects, we primarily 

found EAAT2 labeling in intermediate size neurons. This raises a concern for our LCM findings 

as we generally targeted larger relay neurons for capture. To address this concern, we performed 

additional  EAAT2 and NeuN dual label studies using a schizophrenia subject from the Alabama 

Brain Collection. Using 40 m sections prepared for immunohistochemical staining, we found 

colocalization of NeuN with EAAT2 protein in a subset of larger relay neurons in this 

schizophrenia subject. Overall we observed a higher density of intermediate size neurons, 

compared to large neurons, that were dual-labeled in this confirmation study. Interestingly, there 

is well documented heterogeneity of excitatory relay neuron size in the dorsal thalamus; it has 

been suggested that the smaller relay neurons projects to cortical layers 1 and 3, while the larger 
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relay neurons project to layers 4 and 6 [24]. 

Technical considerations. There are a number of technical issues to consider for our study.  

mRNA levels were measured using a combination of Taqman and Sybr chemistries in this study, 

due to the mixed availability of splice variant primers. EAAT1 was decreased in small cells 

following RT-PCR using Taqman assays. No change was found following analysis with Sybr 

PCR. This is most likely due to the lower sensitivity of Sybr assays with assay design and 

template quality being potential factors [25].  

 There are three functionally distinct subregions of the MD nucleus: anteromedial 

magnocellular, the posterolateral densocellular, and the dorsolateral parvocellular (MDPC) [26]. 

The cells captured in this study were cut from throughout the MD nucleus and are not 

representative of any single subregion. The MDpc subregion is possibly the most relevant in the 

study of schizophrenia due to its reciprocal connections with the ACC and DLPFC which have 

been implicated in the pathophysiology of schizophrenia [27].  

 Our large cell population consists of glutamatergic relay neurons, which are larger than 

astrocytes and interneurons, and have a morphologically characteristic profile for laser capture 

(Figure 1). In contrast, our small cell population that is enriched for astrocytes likely includes 

some interneurons, as the morphological profiles of these cells may be similar with nissl staining.  

We used QPCR and measured expression of neurochemical markers for relay neurons 

(VGLUT2, Figure 1), pyramidal neurons (VGLUT1, Figure S2), all neurons (NSE, Figure 1 and 

S2), interneurons (GAD67, Figure S2), and astrocytes (GFAP, Figures 1 and S2). We expressed 

the data in our neurochemical studies as a ratio of large cells/small cells, with each data point 

reflecting large and small cells cut from the same slide in the same LCM session. This approach 

controlled for variability between sessions, providing a quality control measure that we used to 
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assess the fidelity of cell targeting between LCM sessions. Although low levels of VGLUT 

transcripts may be expressed in astrocytes, expression levels are markedly higher in excitatory 

neurons making the use of VGLUTs as neurochemical markers feasible [28]. Finally, neurons 

are typically enveloped in astrocytic processes, which may contain transcripts for EAAT2 [29]. 

This raises the possibility that mRNA extracted from our large cell population may have a small 

amount of astrocyte mRNA. Further work will be needed to examine the relative contributions of 

mRNA in processes versus excitatory neuron cell bodies. 

 

Effects of nicotine and medications other than antipsychotics. Data on nicotine use for most of 

our subjects was not available, and thus we were not able to assess the impact of this factor on 

our dependent measures. While this is a limitation of the study, a large majority of these subjects 

were institutionalized prior to death for long periods of time, and did not have access to alcohol 

or drugs of abuse. Finally, there were also not enough subjects on other psychotropic 

compounds, such as antidepressants, to perform secondary analyses for the effects of these 

factors. 

 

Rodent antipsychotic studies. We also examined the effects of antipsychotic medications on our 

dependent measures. EAAT1 protein levels were decreased in the  MD nucleus in schizophrenia 

with a decrease in EAAT1 mRNA levels in a population of cells enriched for astrocytes. In 

contrast, rats treated chronically with haloperidol had increased levels EAAT1 and EAAT1x9 

mRNA and no changes in EAAT1 protein levels in the dorsal thalamus. EAAT2 and EAAT2b 

mRNA levels were increased in an enriched population of relay neurons in schizophrenia, with 

no change in expression in the small cell population, while in haloperidol treated rats there was a 

region-level increase in EAAT2 mRNA, but not EAAT2b, in the thalamus. However, EAAT2 
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protein levels were decreased in the  MD nucleus in schizophrenia, with a large increase in 

EAAT2 protein levels in antipsychotic treated rats in the dorsal thalamus. Given these generally 

divergent findings, we posit that the changes we found in schizophrenia are not a result of 

antipsychotic drug treatment. In addition, the large increase in EAAT2 protein expression with 

chronic haloperidol treatment suggests that antipsychotic treatment may be correcting a deficit in 

EAAT2 protein expression in some subjects. Since we did not examine cell-level changes in the 

thalamus in haloperidol treated rats in the present study, the possibility remains that changes in 

mRNA and protein expression in schizophrenia are impacted by haloperidol treatment at the cell-

level. We have examined cell-level expression of these transcripts in pyramidal neurons in the 

frontal cortex, and found that nine months haloperidol-decanoate treatment did not affect levels 

of EAAT2b, EAAT1x9 or EAAT2x9 transcripts in schizophrenia [30]. 

 One limitation of our antipsychotic rat studies is that they were in a normal substrate, 

while the effects of antipsychotics could be specific to disease states. For the present study we 

did not have sufficient numbers of schizophrenia subjects off medications at the time of death, or 

data on lifetime antipsychotic treatment (chlorpromazine equivalents), to perform secondary 

statistical analyses probing for an effect of antipsychotic medication on our dependent measures. 

However, previous region level studies found no changes in EAAT expression with haloperidol 

treatment, while other work found a decrease in EAAT2, but not EAAT1, protein levels 

following treatment with clozapine [31-36]. In the striatum, EAAT2 mRNA levels and glutamate 

uptake were decreased following haloperidol treatment [37, 38].  

 The balance of these studies suggests that our cell-level results in the thalamus are not 

solely due to a medication effect. We focused on haloperidol in our studies as most of our 

subjects were taking typical antipsychotics. The previous reports differ from our study in that we 
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simulated a lifetime of antipsychotic treatment by administering haloperidol-decanoate for 9 

months. In contrast, most of the studies described above gave antipsychotics for 9 weeks or less.  

 Recent evidence suggests a role for canonical signaling pathways in the mechanism of 

haloperidol’s effects on EAAT expression. For example, constitutively activated Akt kinase 

increased EAAT2, but not EAAT1, expression in cultured astrocytes, and other studies have 

found changes in Akt expression associated with haloperidol treatment in schizophrenia [39-41]. 

Figure S1. Light micrographs of laser-capture microdissection of pyramidal neurons from the 

anterior cingulate cortex. Tissue sections were nissl stained with an RNase-free protocol (A). 

Targeted neurons (B) were identified based on morphology. Asterisks indicate voids in section 

where captured cells (D) were removed. Magnification: Panels A, B, and C 20x, panel D, 60x. 

Figure S2. QPCR analysis of transcripts from large cells (enriched for pyramidal neurons) and 

small cells (interneurons and glia) harvested using laser capture microdissection. Data for 

markers of pyramidal neurons (VLGUT1, NSE), astrocytes (GFAP), and interneurons (GAD67) 

are expressed as means ± SEM of the ratios of values for each subject for 500 large cells/ 500 

small cells (n = 5-7 for each transcript). Large and small cells were captured from the same 

anterior cingulate cortex tissue section with different caps. Vesicular glutamate transporter 1 

(VGLUT1), neuron specific enolase (NSE), glial fibrillary acidic protein (GFAP), glutamic acid 

decarboxylase-67 (GAD67). 

Figure S3. Assessment of the effects of the rapid RNase-free nissl stain and three hours at room 

temperature on mRNA quality of the tissue section. Tissue sections from the anterior cingulate 

cortex (N = 5) were left at room temperature for either 0 or 3 hours, with or without staining. 3 

hours was used since this approximates the time sections are at room temperature during the 
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LCM protocol. Tissue was scraped from the slide, the mRNA was isolated with Trizol reagent, 

and the sample was evaluated by electropherogram and QPCR. Data are expressed as means ± 

SEM. Vesicular glutamate transporter 1 (VGLUT1), neuron specific enolase (NSE), glial 

fibrillary acidic protein (GFAP), glutamic acid decarboxylase-67 (GAD67), RNA intergrity 

(RIN). 

Figure S4. Dual-immunofluorescence control studies with isotype and species specific 

preimmune IgG with labeled secondary antibodies: (A) Alexafluor 488 (green), (C) Alexafluor 

549 (red) secondary, and (B) yellow (merged).    

   

 

 

  



 

 17 

 

1. Powchik, P., M. Davidson, V. Haroutunian, S.M. Gabriel, D.P. Purohit, D.P. Perl, P.D. 

Harvey, and K.L. Davis, Postmortem studies in schizophrenia. Schizophr Bull, 1998. 

24(3): p. 325-41. 

2. Purohit, D.P., D.P. Perl, V. Haroutunian, P. Powchik, M. Davidson, and K.L. Davis, 

Alzheimer disease and related neurodegenerative diseases in elderly patients with 

schizophrenia: a postmortem neuropathologic study of 100 cases. Arch Gen Psychiatry, 

1998. 55(3): p. 205-11. 

3. Purohit, D.P., M. Davidson, D.P. Perl, P. Powchik, V.H. Haroutunian, L.M. Bierer, J. 

McCrystal, M. Losonczy, and K.L. Davis, Severe cognitive impairment in elderly 

schizophrenic patients: a clinicopathological study. Biol Psychiatry, 1993. 33(4): p. 255-

60. 

4. Beeri, M.S., J. Schmeidler, M. Sano, J. Wang, R. Lally, H. Grossman, and J.M. 

Silverman, Age, gender, and education norms on the CERAD neuropsychological battery 

in the oldest old. Neurology, 2006. 67(6): p. 1006-10. 

5. Shan, D., V. Haroutunian, J.H. Meador-Woodruff, and R.E. McCullumsmith, Expression 

of equilibrative nucleoside transporter type 1 protein in elderly patients with 

schizophrenia. Neuroreport, 2012. 23(4): p. 224-7. 

6. Bauer, D., V. Haroutunian, J.H. Meador-Woodruff, and R.E. McCullumsmith, Abnormal 

glycosylation of EAAT1 and EAAT2 in prefrontal cortex of elderly patients with 

schizophrenia. Schizophr Res, 2010. 117(1): p. 92-8. 

7. Bauer, D.E., V. Haroutunian, R.E. McCullumsmith, and J.H. Meador-Woodruff, 

Expression of four housekeeping proteins in elderly patients with schizophrenia. J Neural 

Transm, 2009. 116(4): p. 487-91. 

8. Bauer, D., D. Gupta, V. Harotunian, J.H. Meador-Woodruff, and R.E. McCullumsmith, 

Abnormal expression of glutamate transporter and transporter interacting molecules in 

prefrontal cortex in elderly patients with schizophrenia. Schizophr Res, 2008. 104(1-3): 

p. 108-20. 

9. Roberts, R.C., J.K. Roche, and R.E. McCullumsmith, Localization of excitatory amino 

acid transporters EAAT1 and EAAT2 in human postmortem cortex: a light and electron 

microscopic study. Neuroscience, 2014. In Press. 

10. Hammond, J.C., R.E. McCullumsmith, A.J. Funk, V. Haroutunian, and J.H. Meador-

Woodruff, Evidence for abnormal forward trafficking of AMPA receptors in frontal 

cortex of elderly patients with schizophrenia. Neuropsychopharmacology, 2010. 35(10): 

p. 2110-9. 

11. Funk, A., G. Rumbaugh, V. Harotunian, R. McCullumsmith, and J. Meador-Woodruff, 

Decreased expression of NMDA receptor-associated proteins in frontal cortex of elderly 

patients with schizophrenia. Neuroreport, 2009. 20(11): p. 1019-22. 

12. Ikeda, H., K. Adachi, M. Hasegawa, M. Sato, N. Hirose, N. Koshikawa, and A.R. Cools, 

Effects of chronic haloperidol and clozapine on vacuous chewing and dopamine-

mediated jaw movements in rats: evaluation of a revised animal model of tardive 

dyskinesia. J Neural Transm, 1999. 106(11-12): p. 1205-16. 

13. Rupniak, N.M., M.D. Hall, S. Mann, S. Fleminger, G. Kilpatrick, P. Jenner, and C.D. 

Marsden, Chronic treatment with clozapine, unlike haloperidol, does not induce changes 

in striatal D-2 receptor function in the rat. Biochem Pharmacol, 1985. 34(15): p. 2755-

63. 



 

 18 

 

14. Kakigi, T., X.M. Gao, and C.A. Tamminga, Drug-induced oral dyskinesias in rats after 

traditional and new neuroleptics. J Neural Transm Gen Sect, 1995. 101(1-3): p. 41-9. 

15. Grimm, J.W., M.A. Chapman, D.S. Zahm, and R.E. See, Decreased choline 

acetyltransferase immunoreactivity in discrete striatal subregions following chronic 

haloperidol in rats. Synapse, 2001. 39(1): p. 51-7. 

16. Ruzicka, W.B., A. Zhubi, M. Veldic, D.R. Grayson, E. Costa, and A. Guidotti, Selective 

epigenetic alteration of layer I GABAergic neurons isolated from prefrontal cortex of 

schizophrenia patients using laser-assisted microdissection. Mol Psychiatry, 2007. 12(4): 

p. 385-97. 

17. Sodhi, M.S., M. Simmons, R. McCullumsmith, V. Haroutunian, and J.H. Meador-

Woodruff, Glutamatergic gene expression is specifically reduced in thalamocortical 

projecting relay neurons in schizophrenia. Biol Psychiatry, 2011. 70(7): p. 646-54. 

18. Espina, V., J.D. Wulfkuhle, V.S. Calvert, A. VanMeter, W. Zhou, G. Coukos, D.H. 

Geho, E.F. Petricoin, 3rd, and L.A. Liotta, Laser-capture microdissection. Nat Protoc, 

2006. 1(2): p. 586-603. 

19. Smith, R.E., V. Haroutunian, K.L. Davis, and J.H. Meador-Woodruff, Expression of 

excitatory amino acid transporter transcripts in the thalamus of subjects with 

schizophrenia. Am J Psychiatry, 2001. 158(9): p. 1393-9. 

20. Watanabe, M., M.B. Robinson, A. Kalandadze, and J.D. Rothstein, GPS1, interacting 

protein with GLT-1. Society for Neuroscience meeting abstract, 2003: p. Program No. 

372.16. 

21. Thompson, M., C.S. Weickert, E. Wyatt, and M.J. Webster, Decreased glutamic acid 

decarboxylase(67) mRNA expression in multiple brain areas of patients with 

schizophrenia and mood disorders. J Psychiatr Res, 2009. 43(11): p. 970-7. 

22. Byne, W., S. Dracheva, B. Chin, J.M. Schmeidler, K.L. Davis, and V. Haroutunian, 

Schizophrenia and sex associated differences in the expression of neuronal and 

oligodendrocyte-specific genes in individual thalamic nuclei. Schizophr Res, 2008. 98(1-

3): p. 118-28. 

23. Lee, E., M. Sidoryk-Wegrzynowicz, Z. Yin, A. Webb, D.S. Son, and M. Aschner, 

Transforming growth factor-alpha mediates estrogen-induced upregulation of glutamate 

transporter GLT-1 in rat primary astrocytes. Glia, 2012. 60(7): p. 1024-36. 

24. Sherman, S.M. and R.W. Guillery, eds. Exploring the thalamus and its role in cortical 

function. 2nd ed. 2006, MIT Press: Cambridge. 77-135. 

25. Cao, H. and J.M. Shockey, Comparison of TaqMan and SYBR Green qPCR methods for 

quantitative gene expression in tung tree tissues. J Agric Food Chem, 2012. 60(50): p. 

12296-303. 

26. Steriade, M., E.G. Jones, and D.A. McCormick, eds. The Thalamus. 1997, Elsivier: 

Oxford. 

27. Pakkenberg, B., J. Scheel-Kruger, and L.V. Kristiansen, Schizophrenia; from structure to 

function with special focus on the mediodorsal thalamic prefrontal loop. Acta Psychiatr 

Scand, 2009. 120(5): p. 345-54. 

28. Fremeau, R.T., Jr., M.D. Troyer, I. Pahner, G.O. Nygaard, C.H. Tran, R.J. Reimer, E.E. 

Bellocchio, D. Fortin, J. Storm-Mathisen, and R.H. Edwards, The expression of vesicular 

glutamate transporters defines two classes of excitatory synapse. Neuron, 2001. 31(2): p. 

247-60. 



 

 19 

 

29. Berger, U.V., T.M. DeSilva, W. Chen, and P.A. Rosenberg, Cellular and subcellular 

mRNA localization of glutamate transporter isoforms GLT1a and GLT1b in rat brain by 

in situ hybridization. J Comp Neurol, 2005. 492(1): p. 78-89. 

30. Odonovan, S.M., K. Hassefeld, D. Bauer, M. Simmons, P. Roussos, V. Haroutunian, J.H. 

Meador-Woodruff, and R.E. McCullumsmith, Glutamate transporter splice variant 

expression in an enriched pyramidal cell populationin schizophrenia. Translational 

Psychiatry, 2015. In press. 

31. Shan, D., E.K. Lucas, J.B. Drummond, V. Haroutunian, J.H. Meador-Woodruff, and R.E. 

McCullumsmith, Abnormal expression of glutamate transporters in temporal lobe areas 

in elderly patients with schizophrenia. Schizophr Res, 2013. 

32. Katsel, P., W. Byne, P. Roussos, W. Tan, L. Siever, and V. Haroutunian, Astrocyte and 

glutamate markers in the superficial, deep, and white matter layers of the anterior 

cingulate gyrus in schizophrenia. Neuropsychopharmacology, 2011. 36(6): p. 1171-7. 

33. Huerta, I., R.E. McCullumsmith, V. Haroutunian, J.M. Gimenez-Amaya, and J.H. 

Meador-Woodruff, Expression of excitatory amino acid transporter interacting protein 

transcripts in the thalamus in schizophrenia. Synapse, 2006. 59(7): p. 394-402. 

34. Bragina, L., M. Melone, G. Fattorini, M. Torres-Ramos, A. Vallejo-Illarramendi, C. 

Matute, and F. Conti, GLT-1 down-regulation induced by clozapine in rat frontal cortex 

is associated with synaptophysin up-regulation. J Neurochem, 2006. 99(1): p. 134-41. 

35. Melone, M., L. Bragina, and F. Conti, Clozapine-induced reduction of glutamate 

transport in the frontal cortex is not mediated by GLAST and EAAC1. Mol Psychiatry, 

2003. 8(1): p. 12-3. 

36. Melone, M., L. Vitellaro-Zuccarello, A. Vallejo-Illarramendi, A. Perez-Samartin, C. 

Matute, A. Cozzi, D.E. Pellegrini-Giampietro, J.D. Rothstein, and F. Conti, The 

expression of glutamate transporter GLT-1 in the rat cerebral cortex is down-regulated 

by the antipsychotic drug clozapine. Mol Psychiatry, 2001. 6(4): p. 380-6. 

37. De Souza, I.E., G.J. McBean, and G.E. Meredith, Chronic haloperidol treatment impairs 

glutamate transport in the rat striatum. Eur J Pharmacol, 1999. 382(2): p. 139-42. 

38. Schneider, J.S., T. Wade, and T.I. Lidsky, Chronic neuroleptic treatment alters 

expression of glial glutamate transporter GLT-1 mRNA in the striatum. Neuroreport, 

1998. 9(1): p. 133-6. 

39. Li, L.B., S.V. Toan, O. Zelenaia, D.J. Watson, J.H. Wolfe, J.D. Rothstein, and M.B. 

Robinson, Regulation of astrocytic glutamate transporter expression by Akt: evidence for 

a selective transcriptional effect on the GLT-1/EAAT2 subtype. J Neurochem, 2006. 

97(3): p. 759-71. 

40. Kumarasinghe, N., N.J. Beveridge, E. Gardiner, R.J. Scott, S. Yasawardene, A. Perera, J. 

Mendis, K. Suriyakumara, U. Schall, and P.A. Tooney, Gene expression profiling in 

treatment-naive schizophrenia patients identifies abnormalities in biological pathways 

involving AKT1 that are corrected by antipsychotic medication. Int J 

Neuropsychopharmacol, 2013. 16(7): p. 1483-503. 

41. Emamian, E.S., D. Hall, M.J. Birnbaum, M. Karayiorgou, and J.A. Gogos, Convergent 

evidence for impaired AKT1-GSK3beta signaling in schizophrenia. Nat Genet, 2004. 

36(2): p. 131-7. 

 

 



Supplementary Table 1. Subject characteristics 
       

       

 Comparison group Schizophrenia 

 QPCR Western blot QPCR Western blot 
       

         

Study Taqman SYBR MD V Taqman SYBR MD V 

N 20 15 16 15 12 9 13 13 

Age (years) 74  11 73  11 78  13 76  14 79  11 73  11 77  12 77  12 

Sex 11f / 9m 8f / 7m 9f / 7m 7f / 8m 3f / 9m 3f / 6m 6f / 7m 6f / 7m 

PMI (h) 9.0  8.5 8.7  8.4 8.9  7.1 8.7  7.0 16  8.5 16  9.7 15  8.2 15  8.2 

Tissue pH 6.5 0.2 6.5 0.2 6.5  0.3 6.5  0.3 6.6 0.2 6.5  0.2 6.5  0.4 6.5  0.4 

RIN 7.0 1.1 7.3 0.7 n/a n/a 7.0 1.0 7.3 1.0 n/a n/a 

RIN (range) 4.1-8.4 6.3-8.4 n/a n/a 5.5-8.9 5.5-8.9 n/a n/a 

Rx status 0/20 0/15 0/16 0/15 6/4/2 5/3/1 10/2/1 10/2/1 
         

         

Age, PMI, pH and RIN expressed as mean standarddeviation. Abbreviations: number (N), 

male (M), female (F), postmortem interval (PMI), hours (h), antipsychotic medication status 

((Rx) On / off for more than 6 weeks prior to death / unknown), male (m), female (f), laser 

capture microdissection (LCM), quantitative PCR (QPCR), RNA intergrity (RIN), not applicable 

(n/a), Taqman QPCR study (Taqman), SYBR-Green PCR splice variant study (SYBR), 

mediodorsal nucleus of the thalamus protein study (MD), ventral tier nuclei protein study (V). 

 

 

 

 

 



Human Primers

Gene Forward Primer Reverse Primer Accession Number Amplicon Size

18s CGCCGCTAGAGGTGAAATTC TTGGCAAATGCTTTCGCTC K03432.1 63

Beta Actin AGTACTCCGTGTGGATCGGC GCTGATCCACATCTGCTGGA NM_001101.3 68

Cyclophilin A CTCCTTTGAGCTGTTTGCAG CACCACATGCTTGCCATCC BC137057 324

EAAT1 pan-probe CGAAGCCATCATGAGACTGGTA TCCCAGCAATCAGGAAGAGAA NM_004172.4 489

EAAT1 exon 9 skipping TGCCCTCTATGAGGCTTTGG GTCCGGAGGCGATCCCT NM_004172.4 430

EAAT2 pan-probe GGGCACCGCTTCCAGTG ATACTGGCCGCGCCG NM_004171 124

EAAT2 exon 9 skipping GGGCACCGCTTCCAGTG GACTGAAGTTCTCATCCTGTCCCTT NM_004171 249

EAAT2b GGACAGGATGAGAACTTCAGTCAA ACAAGTCTCGATATCCATGAATGG NM_004171 265

Gene Forward Primer Reverse Primer Accession Number Amplicon Size

18s CGCCGCTAGAGGTGAAATTC TTGGCAAATGCTTTCGCTC M11188.1 62

Beta Actin AGTACTCTGTGTGGATTGGT GCTGATCCACATCTGCTGGA NM_031144.2 68

Cyclophilin A CTCCTTTGAGCTGTTTGCAG CACCACATGCTTGCCATCC BC091153.1 323

EAAT1 pan-probe TGACTGCCGCAGATGCCTTC TGAGGAGGCCGACGATGACT NM_019225.1 489

EAAT1 exon 9 skipping TGCCCTCTATGAGGCTTTGG GTCCGGAGGCGATCCCT NM_019225.1 430

EAAT2 pan-probe CCAGTGCTGGAACTTTGCCT TAAAGGGCTGTACCATCCAT NM_017215.2 124

EAAT2 exon 9 skipping GCTGGGTATCGCCTGCTTGA CATTCTATCCCTTACAGTCA NM_017215.2 430

EAAT2b GGACAGGATGAGAACTTCAGTCAA ACAAGTCTCGATATCCATGAATGG NM_017215.2 265

Abbreviations: Excitatory amino acid transporter (EAAT)

Supplementary Table 2: Sybr Green QPCR Primers

Rat Primers
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