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Abstract
Disturbances in glutamate neurotransmission are thought to be one of the major contributing factors
to the pathophysiology of schizophrenia. In the dorsolateral prefrontal cortex (DLPFC), glutamate
neurotransmission is largely mediated by AMPA receptors. Data regarding alterations of subunit
expression in the brains of patients with schizophrenia remain equivocal. This may be due to
differences in technique sensitivity, endogenous control selection for normalization of data, or effect
of antipsychotic drug treatment in different cohorts of schizophrenia. This study attempted to address
these issues by examining the expression of AMPA receptor subunits and splice variants in the
DLPFC of two schizophrenia cohorts using quantitative PCR (qPCR) with normalization to the
geometric mean of multiple endogenous controls. In addition, a non-human primate model of chronic
antipsychotic drug administration was used to determine the extent to which the transcript expression
may be altered by antipsychotic drug treatment in the primate DLPFC. AMPA receptor subunits and
flip and/or flop splice variants were not significantly different in the DLPFC of schizophrenia subjects
versus controls in either of the two cohorts. However, in rhesus monkeys chronically treated with
antipsychotic drugs, clozapine treatment significantly decreased GRIA1 and increased GRIA3
mRNA expression, while both clozapine and haloperidol increased the expression of GRIA2 subunit
mRNA. Expression of AMPA receptor splice variants was not significantly altered by antipsychotic
drug administration. This is the first study to show that AMPA receptor subunit mRNAs in the primate
DLPFC are altered by antipsychotic drug administration. Antipsychotic drug induced alterations may
help explain differences in human post-mortem studies regarding AMPA receptor subunit expression
and provide some insight into the mechanism of action of antipsychotic drugs.
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1. Introduction
Altered glutamatergic neurotransmission is associated with schizophrenia (Coyle et al. 2002;
Goff and Coyle 2001; Olney and Farber 1995; Tsai and Coyle 2002), particularly in the
dorsolateral prefrontal cortex (DLPFC) (Bunney and Bunney 2000; Dracheva et al. 2001;
Mueller and Meador-Woodruff 2004; Vawter et al. 2002), a region implicated in the
pathophysiology of schizophrenia (Bunney and Bunney 2000; Goff and Coyle 2001;
Weinberger et al. 1986). Most research has focused on the role of NMDA receptors due to the
ability of NMDA receptor antagonists to induce schizophrenia-like symptoms in normal
individuals (Domino et al. 1965; Javitt and Zukin 1991; Krystal et al. 1999; Krystal et al.
1994; Luby et al. 1959; Snyder 1980) and exacerbate symptoms in patients (Lahti et al.
1995; Lahti et al. 2001). It remains unclear whether NMDA receptor hypofunction is
attributable to a primary deficit in NMDA receptor function or to a modulator of NMDA
receptor function. AMPA receptor activation plays a large role in cellular depolarization and
regulation of NMDA receptor signaling. Therefore, deficiencies in AMPA receptor signaling
could underlie this apparent NMDA receptor hypofunction. Further, some studies with NMDA
antagonists suggest that schizophrenia involves an increase in glutamate release in the
prefrontal cortex and increased activation of non-NMDA post-synaptic receptors, such as the
AMPA receptors (Anand et al. 2000; Moghaddam et al. 1997; Olney and Farber 1995). Given
the dynamic nature of AMPA receptors and their important role in synaptic plasticity and fast
glutamatergic signaling (Carroll et al. 2001; Malenka 2003), it is therefore important to
understand how these receptors may be altered schizophrenia.

AMPA receptors are tetrameric structures assembled from four subunits GRIA1–4, each of
which exists in splice variant forms (Palmer et al. 2005). Alternative splicing in the extracellular
N-terminal region of the fourth transmembrane domain yields variants termed “flip” and “flop”
for each subunit (Sommer et al. 1990). Stoichiometry of the functional ionophore is controlled
by the expression levels of individual subunits which affect several properties of the mature
receptor including receptor trafficking and cellular physiology (Koike et al. 2000; Mosbacher
et al. 1994; Palmer et al. 2005). Therefore altered expression of AMPA receptor subunit or
splice variants might underlie disturbances in glutamatergic neurotransmission in
schizophrenia patients.

Several studies have examined AMPA receptor subunit mRNA and protein expression in the
brains of patients with schizophrenia (Dracheva et al. 2005; Healy et al. 1998; Hemby et al.
2002; Meador-Woodruff and Healy 2000; Vawter et al. 2002). While alterations in AMPA
receptors in temporal lobe regions are observed consistently (Hemby et al. 2002; Meador-
Woodruff and Healy 2000), findings in the DLPFC have been equivocal. An early in situ
hybridization study reported no change in AMPA receptor subunit expression(Healy et al.
1998), while later studies using microarray analysis and quantitative real time PCR,
respectively, reported either a decrease in GRIA2 subunit mRNA expression(Vawter et al.
2002) or increases in GRIA 1 and GRIA4 subunit mRNA(Dracheva et al. 2001). Discrepancies
between these studies may be due in part to the use of different cohorts, differences in technique
sensitivity, or the possible influence of antipsychotic drug (APD) treatment history. Resolution
of this issue will be important for understanding the pathophysiology of schizophrenia and to
identify targets for medication development.
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Expression of flip and flop variants have been largely overlooked in the schizophrenia
literature. Flop containing AMPA receptors desensitize more quickly than flip containing
receptors (Sommer et al. 1990) and expression of flip and flop variants is developmentally
regulated (Stine et al. 2001). Altered flip/flop expression has even been reported in
hippocampal regions in schizophrenia patients (Eastwood et al. 1997). However, to date
expression of flip and flop variants in the DLPFC has not been examined even though GRIA3
flop expression was decreased in the prefrontal cortex in the ventral hippocampal lesion rodent
model of schizophrenia (Stine et al. 2001).

Human post-mortem schizophrenia brain tissue available for study is typically from patients
administered APDs for many years. Studies in rodents have shown that APD treatment alters
mRNA and protein levels of AMPA receptor subunits in the PFC (Fitzgerald et al. 1995; Healy
and Meador-Woodruff 1997), while reports of APD induced effects on flip and flop expression
for GluR1 and GluR2 subunits are conflicting (Eastwood et al. 1996; McCoy et al. 1998). Of
course, significant differences exist between rodent and primate PFC (Preuss 1995), making a
non-human primate model of APD administration ideal for investigating drug effects on gene
expression in the uniquely primate DLPFC.

The present study was undertaken to use new analytic methods to examine AMPA receptor
subunit and AMPA subunit flip and flop mRNA levels in the DLPFC of two postmortem
cohorts of schizophrenia subjects. In addition, the effects of chronic antipsychotic drug
administration on AMPA subunit mRNA expression in the DLPFC of rhesus monkeys
administered oral clozapine or haloperidol for 180 days was compared with controls.

2. Materials and Methods
2.1 Subjects

2.1.1. Human—Two cohorts of human frozen brain samples from DLPFC (Brodmann’s area
46) were used for this study. The first cohort included16 chronically hospitalized patients with
schizophrenia and 11 age-matched controls from the established brain collection at the
University of Pennsylvania (Table I). The schizophrenia subjects were elderly, "poor-outcome"
patients who were participants in a clinicopathological studies program at the University of
Pennsylvania, School of Medicine in collaboration with eight state hospitals in eastern and
central Pennsylvania. All patients were prospectively accrued, had clinical interviews and
assessments, and were diagnosed according to DSM-IV (DSM-IV 1994) criteria by research
psychiatrists (Arnold et al. 1995). In general, clinical features included prominent negative
symptoms, relatively mild positive symptoms, moderate to severe cognitive dysfunction, and
impairments in basic self-care activities that warranted their chronic hospitalization.
Antipsychotic treatment 1 month prior to death was reported. The control subjects were
obtained via the Center for Neurodegenerative Disease Research at the University of
Pennsylvania and were without history of neurological or major psychiatric illness, as
determined in extensive, retrospective chart review. Gross and microscopic diagnostic
neuropathologic examinations, which included examination of multiple cortical and
subcortical regions, were performed in all cases and no neuropathological abnormalities
relevant to mental status were found. The second cohort included 60 subjects [schizophrenia
(n=15), bipolar disorder (n=15), major depressive disorder (n=15), and non-diseased controls
(n=15)] obtained from the Stanley Foundation Neuropathology Consortium. Subject selection
and tissue collection/preparation have been described previously (Torrey et al. 2000). For this
study, 14-μm frozen sections through the frontal region were used. General demographic
information for each group is shown in Table 1.

2.1.2. Monkey—Fifteen rhesus macaques were randomly assigned to one of three treatment
groups: haloperidol, clozapine, or control (n=5/group; 3 males and 2 females/group; age range:
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3.7–7.3 years). There was no significant difference in the age of subjects between groups
(F(2,14)=0.0221, p=0.978). Using previously established protocols, haloperidol (0.14 mg/kg
daily dose) (Castner et al. 2000; O'Connor et al. 2006) or clozapine (5.2 mg/kg daily dose)
(Lidow et al. 1997; Lidow and Goldman-Rakic 1994; Lidow and Goldman-Rakic 1997b) were
administered mixed with powdered sugar and given orally in peanut butter or fruit treats. Doses
approximate the range used clinically in psychiatric patients (PDR 1996; PDR 2006) and
correspond to doses used by research groups in the field (Castner et al. 2000; Lidow et al.
1997; Lidow and Goldman-Rakic 1994; Lidow and Goldman-Rakic 1997a; O'Connor et al.
2006). After six months of treatment, monkeys were anesthetized with pentobarbital and
transcardially perfused with ice cold saline. Brains were removed and cut into 4 mm slabs in
the coronal plane using a brain matrix (EMS, Fort Washington, PA). The ventral bank of the
principal sulcus was dissected as a sample of DLPFC (Area 46). The post-mortem interval
(time from overdose to freezing of last piece of tissue) from the animals ranged from 38 to 87
minutes and the mean time for the three treatment groups did not differ significantly
(F(2,14)=0.517, p=0.61; HAL = 52 +/− 6.9, CLOZ = 53.6 +/− 8.5, control = 44.8 +/− 2.8). A
previous study indicates that glutamate receptor subunits are stable up to 18 hr PMI (Wang et
al. 2000). The care of the animals and euthanasia procedures in this study were performed
according to the National Institutes for Health Guide for the Care and Use of Laboratory
Animals, and were approved by the Institutional Animal Care and Use Committee of Emory
University.

2.2. RNA Isolation
Dissected tissue samples of DLPFC from Cohort 1 and monkeys were pulverized under liquid
nitrogen. An aliquot of pulverized tissue was then used for RNA isolation. Approximately 50–
100 mg of tissue specimen from each subject was placed in Trizol® (Invitrogen Corporation,
Carlsbad, CA) and disrupted using a PowerGen tissue homogenizer. Samples were incubated
at 25ºC for 5 min to allow complete dissociation of nucleoprotein complexes. Chloroform was
added and samples were centrifuged for 15 min for phase separation. The aqueous phase was
retained and total RNA was precipitated with isopropyl alcohol and linear acrylamide (5 μg)
and washed with 75% ethanol. The RNA pellet was re-suspended in RNase-free water and
stored at −80°C. RNA was quantified using spectrophotometric analysis and the integrity of
total RNA for each sample was assessed using an Agilent 2100 Bioanalyzer and RNA 6000
Nano Lab Chip according to the manufacturer’s protocol.

For Cohort 2, frozen tissue from Area 46 was scraped from a total of three slides per subject
and total RNA was isolated with the mirVana miRNA Isolation Kit (Ambion #1560) using the
total RNA isolation protocol. Dissected tissue was placed in 400 μL lysis/binding buffer and
sonicated for 2–10 seconds at 4ºC. 40 μl homogenate additive was added to samples and
samples were vortexed and incubated at 4ºC for 10 min. RNA was extracted using 400 μl acid-
phenol chloroform added to the mixture, vortexed, and centrifuged for phase separation. 1.25
volumes room temperature 100% ethanol was added to the aqueous phase, the solution was
mixed thoroughly, and the lysate/ethanol mixture was passed through a filter cartridge. Purified
total RNA was eluted with nuclease free water and subjected to spectrophotometric analysis
and Agilent 2100 Bioanalyzer with RNA 6000 Nano Lab Chip for quantification and
examination of quality.

2.3. Synthesis of cDNA
One μg (cohort 1) or 500 ng (cohort 2) of total RNA from each human DLPFC sample and a
pooled sample of total RNA from each cohort, was reverse transcribed using random hexamers
and SuperScript III (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. For
the rhesus monkey samples, 2 ug of total RNA from each sample and from a pool of total RNA
combined from all monkey samples was reverse transcribed using random hexamers and
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superscript III. Resulting cDNA product was diluted 1: 100 with RNAse-free water for samples,
and cDNA from the pooled samples was serially diluted in 2 fold dilutions from 1:20–1:1280
for use as standards.

2.4. AMPA receptor splice variant Taqman assay design
Custom Taqman assays were designed for the flip and flop splice variants of the four AMPA
receptors (GRIA1–4) in collaboration with Applied Biosystems (Foster City, CA). Sequence
information for these assays and the accession numbers for which the assays were designed
are listed in Table 2. All assays use FAM reporter dye and NFQ quencher. Assays were
designed such that the Taqman probe spanned the exon-exon junction (or included exon) that
is specific to the splice variant being measured. Standard Taqman assays were purchased for
measurement of specific subunit levels and endogenous controls (Applied Biosystems; GRIA1,
Hs00181348_m1; GRIA2, Hs00181331_m1; GRIA3, Hs00241485_m1; GRIA4,
Hs00168163_m1; PGK1(phosphoglycerate kinase 1), Hs99999906_m1; PPIA (peptidylprolyl
isomerase A (cyclophilin A)), Hs99999904_m1; GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), Hs99999905_m1; and TBP (TATA box binding protein), Hs99999910_m1.

2.5. Real-time quantitative PCR
Using a 384 well format with the ABI Prism 7900HTS real-time detector, 0.5 μl aliquots of
Taqman Expression Assay (20X), 5.5μl 2X Absolute QPCR ROX PCR Mastermix (Abgene),
and 4.5μl diluted cDNA (either sample or pooled standard) were mixed together and pipetted
into single wells of the PCR plate. For no template controls (NTC) for each gene tested, water
was added in lieu of cDNA. Each sample, including NTC was run in triplicate. Thermocycling
conditions: 1) one cycle 2 min at 50°C, 2) one cycle 15 min at 95°C, and 3) 40 cycles 15 sec
at 95°C and 1 min at 60°C. Fluorescence was measured during the 60ºC step for each cycle.
Reactions were quantified by the standard curve method using SDS2.1 software (as described
in User Bulletin #2, Applied Biosystems) generating a mean quantity value (Qty mean) for
each sample from the triplicates of that sample for each gene of interest. Endogenous controls
were selected for each experiment from a set of eleven candidate reference transcripts: β-2
microglobulin (B2M), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal
protein, large (RPLPO), β-actin (ACTB), ribosomal protein 18S (18S), TATA box binding
protein (TABP), hypoxanthine phosphoribosyltransferase 1 (HPRT1), transferrin receptor
(TFRC), peptidylprolyl isomerase A (cyclophilin A) (PPIA), β-glucuronidase (GUSB), and
phosphoglycerate kinase 1 (PGK1) using geNorm software. geNorm is a collection of VBA
macros for Microsoft Excel which allows the determination of the most stable reference genes
from a given test panel of genes. By computing the average pairwise variation V for each
control gene paired with all other tested control genes, geNorm calculates the gene expression
stability measure M (Vandesompele et al. 2002). This allows for the selection of the most stably
expressed control genes in a given sample set, minimizing any bias in the data as a result of
normalization. The gene expression normalization factor is then calculated based on the
geometric mean of a user-defined number of reference genes(Vandesompele et al. 2002). Three
candidate genes (PGK1, PPIA, GAPDH) were selected from this list to serve as endogenous
controls in each of the human studies based on the criteria set by Vandesompele and colleagues.
Likewise, two candidate genes (TBP and PGK1) were selected from this list to serve as controls
in the non-human primate studies. Thus, data for each gene of interest was expressed as Qty
mean for the gene of interest/ geometric mean of Qty mean values for the selected endogenous
control genes. qPCR experiments for each human cohort and for antipsychotic drug treated
monkey samples were run independently. Normalized values were then expressed as percent
control.
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2.6. Data Analysis
Experiments determining relative gene expression for each candidate gene were run
independently. Likewise, experiments in the distinct cohorts were run independently. In Cohort
1, we used two-tailed t-tests to compare group means from the non-schizophrenic control group
and schizophrenic subjects for each of the candidate genes. Because there were three disease
groups and a control, we used a one way analysis of variance (ANOVA) to compare group
means for the non-schizophrenic control groups, schizophrenic group, bipolar group, and major
depressive disorder group for each of the candidate genes in Cohort 2. For both types of
analyses, the null hypothesis was rejected if p < 0.05. In the antipsychotic drug treated monkey
studies, one way ANOVAs were used to determine if there was a significant effect of
haloperidol or clozapine treatment upon each subunit or splice variant expression. The Holm-
Sidak method was used for post hoc comparisons, and the null hypothesis was rejected if p<
0.05. All statistical analyses were performed using SigmaStat 3.1 (Systat Software) and
Statistica (StatSoft, Inc.) software packages.

3. Results
3.1 Demographic Data

In Cohort 1, the schizophrenia and control groups were matched for age (schizophrenia group
age= 80 ± 1.7; control age= 80 ± 2.7) with equivalent male: female ratios per group
(schizophrenia group M:F = 6:10; control group M:F = 5:6). There were no significant
differences between the groups in age (p= 1), PMI (p= 0.468), or brain weight (p= .314). In
Cohort 2, there were no significant differences between the diagnosis groups in age (F= 0.727,
p=0.539), pH (F=0.602, p=.616), brain weight (F= 0.419, p=.739), or PMI (F=1.857, p=0.147).
There was a significant difference between the groups in number of days the tissue had been
stored in the freezer (F= 5.35, p=0.003). However, there was not a significant correlation
between number of days in the freezer and expression of any of the dependent variables: GRIA1
(R2=0.24, p=0.06), GRIA2 (R2=0.19, p=0.14), GRIA3 (R2=0.06, p=0.67), GRIA4 (R2=0.11,
p=0.40), GRIA2flip (R2=0.12, p=0.36), GRIA2flop (R2=0.03, p=0.80), GRIA3flip (R2=−0.01,
p=0.95), GRIA3flop(R2=−0.06, p=0.66).

All schizophrenia subjects in this study were exposed to antipsychotic drug treatment in their
lifetime. In Cohort 1, data regarding antipsychotic drug exposure one month prior to death was
available (see Table 3): four subjects were neuroleptic free, five subjects received typical
antipsychotic drugs, and three subjects received atypical antipsychotic drugs; however,
information for four subjects was unavailable. Cohort 2 schizophrenic subjects were all
receiving antipsychotic drug treatment at the time of death and the life-time fluphenazine
equivalent dose received is reported in Table 3.

3.2. Expression of GRIA1–4 subunit mRNA in the DLPFC of two separate human cohorts
In the DLPFC of both human subject cohorts, GRIA1, GRIA2, GRIA3, and GRIA4 mRNA
expression levels were assessed relative to the geometric mean of the endogenous controls
PGK, PPIA, and GAPDH. In Cohort 1, no significant differences were observed between
schizophrenia (n=16) and control (n=11) groups for any of these transcripts: GRIA1 (p= 0.67),
GRIA2 (p= 0.37), GRIA3 (p= 0.62), and GRIA4 (p= 0.13) (Figure 1a). In a second cohort of
human subjects representing normal controls (n=15), schizophrenia (n=15), bipolar disorder
(n=15), and major depressive disorder (n=15), there was no significant effect of diagnosis on
AMPA receptor subunit mRNA expression levels: GRIA1 (F= 1.489, p= 0.228), GRIA2
(F=1.855, p= 0.148), GRIA3 (F= 1.055, p= 0.376), GRIA4 (F= 0.273, p= 0.845) (Figure1b).
For GRIA1, GRIA2, and GRIA4 subunits, gene expression values were greater than two
standard deviations below the mean for one subject from the bipolar group, so this subject was
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omitted from analysis, resulting in a sample size of 14 for the bipolar group in Cohort 2 for in
these studies.

3.3 Expression of GRIA1–4 flip and flop variants in the DLPFC of schizophrenia patients and
controls

Relative expression levels of the flip and flop variant mRNAs of the GRIA1, GRIA2, GRIA3,
and GRIA4 genes were assessed using quantitative qPCR in the DLPFC of two human cohorts.
In both cohorts, signals for GRIA1 flop and GRIA4 flip were undetectable, likely because of
the low abundance of GRIA1 and GRIA 4 transcripts in the DLPFC (Dracheva et al. 2005).
Similarly, the signal for GRIA4 flop was unreliable, with standard deviations among triplicates
>1 cycle for most sets of triplicates. Therefore, this data was not included. In cohort 1, no
significant differences were observed between the schizophrenia and control groups for any
of the remaining splice variants: GRIA1 flip (p=0.28), GRIA2 flip (p=0.2), GRIA2 flop
(p=0.23), GRIA3 flip (p=0.07), and GRIA3 flop (p=0.5) (Figure 2a). In the second cohort,
there was no significant effect of diagnosis on splice variant expression except for GRIA2 flip
(F= 2.867, p= 0.045); however, post hoc analysis failed to confirm a significant difference
between controls and any of the disease groups for GRIA2 flip (Figure 2b). Again, any
expression values that were greater than two standard deviations from the mean were removed
as outliers. No outliers were identified in Cohort 1, but for Cohort 2 one subject from the bipolar
group consistently measured below two standard deviations from the mean and was therefore
omitted from analysis for GRIA 2 flip and flop as well as GRIA 3 flip and flop. In addition,
one subject was removed from the schizophrenia group and one subject was removed from the
major depressive disorder group for GRIA 2 flip studies.

3.4. Effect of APD treatment on the expression of GRIA 1–4 and flip/flop splice variants in the
DLPFC

In Cohort 1, the schizophrenia group could be divided into those patients receiving APDs within
one month of death (n=8) and those subjects who were medication free for the last month of
their life (n=4). There was no significant group effect (drug treated n=8, drug free n=4, or
control n=11) for any of the subunits or splice variants measured: GRIA 1 [F= 0.27, p= 0.76],
GRIA 2 [F= 2.09, p= 0.15], GRIA 3 [F= 0.04, p= 0.95], GRIA4 [F= 1.27, p= 0.31], GRIA2
flip [F= 0.97, p= 0.41], GRIA2 flop [F= 0.71, p= 0.55], GRIA3 flip [F= 1.09, p= 0.37], GRIA3
flop [F= 0.29, p= 0.83]. For Cohort 2, the Stanley Foundation reports what the equivalent dose
of fluphenazine would be for their lifetime APD exposure. Correlating gene expression with
APD exposure is one method to determine a relationship between gene expression and APD
exposure. AMPA receptor subunit and splice variant expression was not significantly
correlated with the lifetime fluphenazine equivalent dose: GRIA 1 [R2=−.16, p= 0.39], GRIA2
[R2= −0.22, p= 0.24], GRIA3 [R2= −0.13, p= 0.49], GRIA4 [R2= 0.1, p= 0.94], GRIA 2 flip
[R2= −0.21, p= 0.29], GRIA 2 flop [R2= −0.22, p= 0.25], GRIA 3 flip [R2=−0.07, p= 0.71],
GRIA3 flop [R2= −0.04, p= 0.82].

3.5. Expression of GRIA1–4 and flip/flop splice variants in the DLPFC of APD treated monkeys
To further investigate whether chronic APD treatment may alter GRIA1–4 subunit or splice
variant expression, we examined the expression of these subunits in the DLPFC of rhesus
monkeys that received six months of treatment with clozapine, haloperidol, or no drug. There
was an APD treatment effect on GRIA1 subunit mRNA [F=10.28, p=0.003], GRIA2 subunit
mRNA [F=8.83, p=0.004], and GRIA3 subunit mRNA [F=11.33, p=0.002], with no significant
treatment effect on GRIA4 subunit mRNA [F=2.29, p=0.144]. Post hoc analysis confirmed
that clozapine treatment significantly reduced GRIA1subunit mRNA expression (p=0.017) and
increased GRIA3 subunit mRNA expression (p=0.017) while GRIA2 subunit mRNA
expression was increased by both clozapine and haloperidol (p=0.017 and p=0.025
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respectively), see Figure 3. GRIA1 flip, GRIA1 flop, and GRIA4 flip were not reliably detected
in these samples. For the remaining splice variants, there was no significant effect of APD
treatment: GRIA2 flip [F=0.57, p=0.581], GRIA2 flop [F=2.29, p=0.144], GRIA3 flip [F=1.65,
p=0.233], GRIA3 flop [F=3.66, p=0.057], GRIA4 flop [F=2.291, p=0.144] (Figure 4).

4. Discussion
Previous studies assessing AMPA receptor subunit mRNA expression in the DLPFC of
schizophrenic subjects have been equivocal with reports of no change (Healy et al. 1998),
decreased GRIA2 (Vawter et al. 2002), and increased GRIA1 and GRIA4 mRNA levels
(Dracheva et al. 2005). In agreement with the initial report of no change in AMPA receptor
subunit mRNA between schizophrenia and controls (Healy et al. 1998), our study found no
difference between schizophrenia and controls in the expression of any AMPA receptor
subunits or splice variant mRNAs in either of the two schizophrenia cohorts investigated.
Possible explanations for the differences between the results of this study and previous work
include technical differences, as well as differences in the schizophrenia cohorts studied. In
situ hybridization and microarray methods have advantages in cellular resolution and ability
to study large numbers of transcripts, respectively; however, qPCR, used by Dracheva et al.
and in this study has significant advantages in sensitivity and reliability for quantification
(Bonnet et al. 1999; Bustin 2000; Bustin and Nolan 2004; Tyagi and Kramer 1996). A caveat
of qPCR studies is the selection of endogenous controls for normalization. It is possible that
previous reports of increased GRIA1 and GRIA4 mRNA in the schizophrenia DLPFC
(Dracheva et al. 2005) reflect normalization to a single endogenous control which can cause
significant errors in quantification (Ohl et al. 2005; Vandesompele et al. 2002). Alternatively,
it is possible that increases in GRIA1 and GRIA4 mRNA expression were unique to the elderly
cohort examined in the Dracheva et al study. Cohort 1 of our study shared a very similar clinical
profile to that previous cohort, and an increase in GRIA 4 was observed in our Cohort, although
it did not reach significance. However, this explanation seems unlikely for GRIA1 given the
absence of even a trend toward increase in Cohort1 of this study. While, the negative results
of this study must be interpreted cautiously given that the power of these findings was below
the desired power of β = 0.8, a sample size calculation based on the observed difference between
the group means and observed standard deviation in each of the Cohort1 studies determined
that a sample size of 253, 64, 615, or 37 for each group would be necessary to determine a
significant difference (α ≤ 0.05) with the desired power (β= 0.8) for GRIA1, 2, 3 and 4 subunit
mRNA, respectively. Aside from the practical infeasibility of such large sample sizes, this need
suggests that altered AMPA receptor subunit expression is not a prominent feature of
schizophrenic pathology.

All schizophrenia subjects studied here were previously treated with APDs, and data from the
rodent literature suggests that APD administration alters AMPA receptor subunit expression
in the brain (Brene et al. 1998; Healy and Meador-Woodruff 1997; Meador-Woodruff et al.
1996; Spurney et al. 1999). In an attempt to determine the effect of APD exposure on AMPA
receptor subunit mRNA in schizophrenia subjects, the schizophrenia group was separated into
those receiving APDs at the time of death and those that were medication free one month prior
to death (Cohort 1) for further analysis, and AMPA receptor subunit expression was correlated
with lifetime exposure of APD (Cohort 2). These strategies are typically employed when
investigating APD effect relative to gene expression in human schizophrenia post-mortem
tissue; however, there are several limitations to this approach. First, limited sample size makes
it difficult to determine significant drug effect when comparing treated versus untreated
subjects or correlating APD treatment with gene expression. In addition, chronic APD
treatment is thought to induce long term cellular and neuroadaptive changes that would
influence gene expression (Hyman and Nestler 1996; MacDonald et al. 2005). Precedence for
persisting drug effects exists in the dopamine system literature, e.g. the sensitization to motor
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activation effects of psychostimulants (Hummel and Unterwald 2002; Kalivas and Stewart
1991; Robinson and Berridge 2000; Vanderschuren and Kalivas 2000) or long lasting
improvement in cognition due to repeated, intermittent stimulation of prefrontal D1 receptors
(Castner and Goldman-Rakic 2004; Castner et al. 2000). It is therefore possible that chronic
effects of APD treatment persist beyond the cessation of treatment, and subdividing
schizophrenia subjects into drug treated and drug free at the time of death is only accounting
for acute effects of the APDs on gene expression. As a result of these limitations, researchers
have suggested a multi-tiered approach to investigating APD treatment effects in human
schizophrenia studies that includes an assessment of chronic APD treatment effects in non-
human primates in addition to the aforementioned strategies (Dorph-Petersen et al. 2005; Lewis
2002).

In this study, a non-human primate model of chronic APD administration similar to those used
previously (Dorph-Petersen et al. 2005; Lidow et al. 1997; Lidow and Goldman-Rakic
1997a; Mirnics et al. 2000; Mirnics et al. 2001), demonstrated that chronic administration of
clozapine decreased the expression of GRIA1 mRNA and increased the expression of GRIA2
and GRIA3 mRNA in the primate DLPFC. Haloperidol administration also increased the
expression of GRIA2 mRNA in the primate DLPFC, but had no effect on expression of the
other subunits. While these findings are consistent with rodent studies demonstrating that APDs
alter AMPA receptor subunit expression (Brene et al. 1998; Healy and Meador-Woodruff
1997; Meador-Woodruff et al. 1996; Spurney et al. 1999), there were differences in the specific
changes observed. There is no simple way to resolve the differences observed in this study and
previous studies in rats, but differences in metabolism, route of administration, and length of
exposure may all contribute to differences between rodents and primates. Furthermore, direct
comparisons of drug -induced alterations in prefrontal cortical regions between rodents and
primates is difficult due to the marked expansion and differentiation of the primate cerebral
cortex compared to the rat (Lewis and Akil 1997; Preuss 1995; Preuss 2001) and in the
complexity of primate thalamocortical projections (Haber and Gdowski 2004) and
mesocortical dopamine projections in primates (Francois et al. 1999; Lynd-Balta and Haber
1994; Williams and Goldman-Rakic 1998). Also, use of primates enables a closer
approximation of antipsychotic doses used in psychiatric patients (Castner et al. 2000; Lidow
et al. 1997; Lidow and Goldman-Rakic 1994; Lidow and Goldman-Rakic 1997a, 2006), and
offers similar metabolism of clozapine and haloperidol in humans and monkeys (Bun et al.
1999; Stafford et al. 1981).

Given the lack of observed changes in AMPA receptor subunit mRNA in the two cohorts of
human schizophrenia subjects studied here, it may be that observations in drug treated patients
represent normalization of pre-existing, disease-related alterations (e.g. schizophrenia may be
associated with a reduction in GRIA2 expression which is normalized by the effects of
antipsychotics). It is prudent to recall the limitations of dividing schizophrenia subjects into
drug-treated and drug-free at the time of death to determine APD effect: limited power and no
control for chronic drug effects. Therefore, the potential normalization of pre-existing, disease
related alterations in schizophrenia is a viable explanation for the lack of observed alterations
in AMPA receptor subunit mRNA in the schizophrenic DLPFC. Alternatively, the finding of
a drug effect in non-human primates, while no effect was observed in drug treated patients may
be due to differences between a non-diseased brain (monkey) and a disease brain (human SCZ).
Resolution of this issue will require future studies in neuroleptic naïve schizophrenia patients,
or in animal models of psychosis.

AMPA receptor subunit expression controls aspects of synaptic plasticity and calcium
signaling, deficits of which are thought to be involved in schizophrenia. While APDs are known
to act partially through their interactions with the dopamine system, the glutamate system has
also been implicated in APD mechanism of action. This is the first study to demonstrate that
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chronic APD administration alters AMPA receptor subunit expression in the primate DLPFC
and suggests that APD mechanism of action may involve altered AMPA receptor subunit
expression and may alleviate deficiencies in synaptic plasticity or calcium signaling in
schizophrenia. For example, the GluR1 subunit (encoded by GRIA1) is required for NMDAR-
dependent synaptic delivery of AMPA receptors to the membrane (Hayashi et al. 2000; Shi et
al. 2001; Shi et al. 1999). Interestingly, chronic APD administration has been shown to decrease
expression of dopamine D1 receptor mRNA in the primate DLPFC (Lidow et al. 1997; Lidow
and Goldman-Rakic 1994). Also, repeated intermittent stimulation of D1 receptors is known
to increase the presence of GluR1 containing AMPA receptors in the synapse (Smith et al.
2005). Therefore, it is possible that APD administration decreases the availability of D1
receptors for activation which results in secondary decreases in GluR1. Our study showed that
both clozapine and haloperidol decreased expression of GRIA1; however, only decreases with
clozapine were significant. Given that decreases in D1 receptor mRNA were observed with
slightly higher daily doses of haloperidol, it is possible that decreases in GRIA1 mRNA
expression might also be observed at a slightly higher dose. Experiments determining the dose
effect curves in these APD treated monkeys are underway in our laboratory, but are beyond
the scope of this study. Interestingly, clozapine binds with high affinity to D1 receptors in the
primate prefrontal cortex (Chou et al. 2006), and it is therefore possible that this higher affinity
for D1 receptors is responsible for the drug selective effects on GRIA1 subunit mRNA
expression observed here. Therefore our data suggests that one potential mechanism by which
clozapine could alter AMPA-mediated glutamate neurotransmission in the DLPFC is by
decreasing the expression of GRIA1, potentially reducing the number of GluR1 containing
AMPA receptors trafficked to the membrane. In addition, the GluR2/3 subunits (encoded for
by GRIA2 and/or GRIA3) are important for maintenance of stable basal synaptic response
(Passafaro et al. 2001; Shi et al. 2001). Clozapine and haloperidol both increased GRIA2
mRNA levels in the primate DLPFC. All APDs, including haloperidol and clozapine exert
their affects, at least in part, through the antagonism of D2 receptors (Kapur and Mamo
2003). Previous studies have shown a direct link between stimulation of D2 receptors and
GluR2 subunit expression in the plasma membrane (Zou et al. 2005). Given the importance of
GluR2 in synaptic stability, this increase in GRIA2 mRNA may reflect a potential mechanism
of action for APDs in the DLPFC. Similarly, clozapine administration resulted in an increase
in GRIA3 mRNA. Similar to GluR2, GluR3 expression is also important to maintaining
synaptic strength (Meng et al. 2003). An increase in GRIA3 may reflect an additional
mechanism by which clozapine strengthens synaptic plasticity in the DLPFC of schizophrenia.
Finally, altered calcium signaling has been proposed as a unifying hypothesis of schizophrenic
pathology (Lidow 2003), and the calcium permeability of AMPA receptors is determined by
the presence or absence of GluR2 (Dingledine et al. 1999; Jayakar and Dikshit 2004). This
elevation in GRIA2 subunit mRNA is also important because GluR2 subunit expression in
AMPA receptors renders AMPA receptor impermeable to calcium (Dingledine et al. 1999;
Palmer et al. 2005). Therefore, increasing GRIA2 expression and decreasing calcium
permeability of AMPA receptors expressed in the DLPFC is also a potential mechanism of
action for APDs. Further studies into the functional consequences of these transcriptional
alterations in AMPA-receptor mediated glutamate neurotransmission are warranted, but are
beyond the scope of this study.

To summarize, this study used a superior quantification method and normalization strategy to
assess differences in AMPA receptor subunit and splice variant mRNA in the DLPFC of two
distinct cohorts of schizophrenia subjects. Consistent with an earlier study, no differences in
AMPA receptor subunit or splice variant mRNA were observed between schizophrenia and
controls in either cohort. All schizophrenia subjects in this study had a history of chronic APD
treatment. This is the first study to show that chronic APD treatment induces alterations in
AMPA receptor subunit mRNA in the primate DLPFC. These data from the APD treated
monkeys not only suggest that alterations in AMPA receptor subunit mRNA expression might
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be difficult to detect in human subjects with a history of chronic APD treatment, but also
provide some preliminary insight into potential mechanisms of action of clozapine and
haloperidol.
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Abbreviations
APD  

antipsychotic drug

DLPFC  
dorsolateral prefrontal cortex

qPCR  
quantitative polymerase chain reaction

AMPA  
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

NMDA  
N-methyl-D-aspartic acid

GRIA  
glutamate receptor ionotropic AMPA

B2M  
β-2 microglobulin

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

RPLPO  
ribosomal protein, large

ACTB  
β-actin

18S  
ribosomal protein 18S

TABP  
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TATA box binding protein

HPRT1  
hypoxanthine phosphoribosyltransferase 1

TFRC  
transferrin receptor

PPIA  
peptidylprolyl isomerase A (cyclophilin A)

GUSB  
β-glucuronidase

PKG1  
phosphoglycerate kinase 1
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Figure 1.
AMPA receptor subunit mRNA levels in the dorsolateral prefrontal cortex (DLPFC) of an
elderly cohort of schizophrenia patients (SCZ) and controls (CTRL) (top) and a younger cohort
of schizophrenia patients (SCZ), bipolar disorder patients (BP), major depressive disorder
patients (MDD), and controls (bottom). Data are expressed as mean (± S.E.M.) of the percent
control values for normalized relative quantities. There were no significant differences
compared to control subjects (p< 0.05).
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Figure 2.
AMPA receptor flip and flop splice variant mRNA levels in the dorsolateral prefrontal cortex
(DLPFC) of an elderly cohort of schizophrenia patients (SCZ) and controls (CTRL) (top) and
a younger cohort of schizophrenia patients (SCZ), bipolar disorder patients (BP), major
depressive disorder patients (MDD), and controls (bottom). Data are expressed as mean (±
S.E.M.) of the percent control values for normalized relative quantities. There were no
significant differences compared to control subjects (p< 0.05).
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Figure 3.
AMPA receptor subunit mRNA levels in the dorsolateral prefrontal cortex (DLPFC) of rhesus
monkeys following six month administration of haloperidol, clozapine, or no drug. Data are
expressed as mean (± S.E.M.) of the percent control values for normalized relative quantities.
Asterisks indicate a significant difference compared to controls (p< 0.05). There was a
significant decrease in GRIA 1 with clozapine treatment, a significant increase in GRIA 2 with
clozapine and haloperidol treatment, and a significant increase in GRIA3 with clozapine
treatment.
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Figure 4.
AMPA receptor flip and flop splice variant mRNA levels in the dorsolateral prefrontal cortex
(DLPFC) of rhesus monkeys following six month administration of haloperidol, clozapine, or
no drug. Data are expressed as mean (± S.E.M.) of the percent control values for normalized
relative quantities. There were no significant differences compared to control subjects (p<
0.05).
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Table 1
Demographic Information for Human Subjects

N Sex (M:F) Race (W:B) PMI (hr
± StErr)

Age at
death

(years ±
StErr)

Brain
Weight (±

StErr)

Brain pH Duration
of Illness
(years ±
StErr)

Cohort 1
Normal Controls 11 5:6 8:3 9.4 ± 1.7 80.4 ± 2.7 1159.9 ± 42.4 6.4 ± 0.06 n/a
Schizophrenia 16 6:10 16:0 10.7 ± .8 80 ± 1.7 1222.6 ± 42.1 6.4 ± 0.04 54.9 ± 2.1
Cohort 2
Normal Controls 15 9:6 23.7 ± 2.7 48.1 ± 2.1 1501 ± 43.9 6.3 ± 0.1 n/a
Schizophrenia 15 9:6 33.7 ± 3.9 44.5 ± 3.5 1471.7 ± 28.9 6.2 ± 0.1 21.3 ± 3.1
Bipolar Disorder 15 9:6 32.5 ± 4.3 42.3 ± 3.1 1441.2 ± 45.8 6.2 ± 0.1 20.1 ± 2.6
Major Depressive Disorder 15 9:6 27.5 ± 2.9 46.5 ± 2.5 1462 ± 38 6.2 ± 0.1 12.7 ± 3.0
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Table 2
Sequence Information for Custom Designed Taqman Assays

Gene Probe Sequence Primer Sequerices Size
GRIA1 flip CACTGAGTTTCAAAACCG F-CTCCTGGAGTCCA.CC AT GAATG

R-CGGAGTCCTTGCTTCCACATT
224

GRIA1 flop CCCCTGCTCGTTTAGTTT F-TGGAGTCCACCATGAATGAGTACA
R-ACCTCCCCCGCTGC

229

GRIA2 flip ACCCCAGTAAATCTTG F-TGGATTCCAAAGGCTATGGCATC
R-CCTTGGCTCCACATTCACCTT

150

GRIA2 flop CCTCGCAGTACTAAAAC F-AACCTGGATTCCAAAGGCTATGG
R-CCGCTGCCGCACTCT

152

GRIA3 flip CAGTGAACAAGGCATCTTA F-AGGCTATGGTGTGGCAACC
R-GGAGTCCTTGGCTCCACATTC

145

GRIA3 flop AACTGAATGAGCAAGGCCT F-TGGATTCCAAAGGCTATGGTGTG
R-CCGCTGCCGCACTC

148

GRIA4 flip CAGTGAGGCAGGCGTC F-AGCAGCGAAAGCCATGTGA
R-AGAGTCTTTGGGTCCACATTCAC

197

GRIA4 flop AAGGCCTCTTGGACAAAT F- GAGCAGCGAMGCCATGTG
R- AGTCACCTCCCCCGCT

202
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Table 3
Human Subjects Antipsychotic Drug Treatment

Cohort 1
Schizophrenia Group
Subject ID# Antipsychotic Drug Treatment (1 month prior to death) Dose(mg/day)
01-103 clozapine 250
02-217 not available, probably none
90-265 0 0
92-217 chlorpromazine 1350
93-208 not available
94-041 0 0
94-098 haloperidol 1.5 mg
94-188 not available
94-202 thioridzine 300
95-104 thiothixene 30
96-039 risperidone 4
96-044 0 0
96-137 0 0
97-032 haloperidol 2
97-087 risperidone 1
97-236 not available
Cohort 2
Schizophrenia Group
Subject ID# Lifetime Qty fluphenazine or equivalent (mg)
93 34955
120 35116
64 34836
100 34996
30 34673
43 34712
13 34581
116 35096
18 34503
173 35451
81 34898
118 35103
41 34711
66 34843
82 34904
Bipolar Group
Subject ID# Lifetime Qty fluphenazine or equivalent (mg)
34 32000
89 0
72 60000
83 200
128 60000
91 12000
88 30000
33 7500
103 40000
147 0
68 0
47 1200
75 7000
48 2500
60 60000
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