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mRNA Expression of AMPA Receptors and
AMPA Receptor Binding Proteins in the
Cerebral Cortex of Elderly Schizophrenics
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L-a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptors (AMPARs) mediate the majority of
the fast excitatory transmission in the CNS. To determine
whether gene expression of AMPARs and/or AMPAR
binding proteins, which control response/sensitivity of
AMPAR-bearing neurons to glutamate, are altered in
schizophrenia, mRNA expression and abundance of AM-
PAR subunits (GluR1-4) and several AMPAR binding
proteins (SAP97, PICK1, GRIP, ABP) were measured in
the dorsolateral prefrontal cortex (DLPFC) and the occip-
ital cortex of elderly schizophrenia patients (n = 36) and
matched normal controls (n = 26) by quantitative real-
time PCR. The mRNA expression of GluR1, GluR4, and
GRIP in the DLPFC and expression of the GluR4, GRIP,
and ABP in the occipital cortex were significantly ele-
vated in schizophrenics. GluR1 and ABP mRNA expres-
sion in the occipital cortex and GIluR2, GIuR3, SAP97,
and PICK1 expression in either cortical area were not
significantly altered. The data also demonstrated signifi-
cant differences in the abundances of mMRNAs encoding
GluR1-4 subunits (GluR2 > GIuR3 > GIuR1 > GIuR4)
and of AMPAR binding proteins (SAP97 > PICK1 >
GRIP > ABP) in both diagnostic groups. GluR2 (58—
64%) and GIUR3 (24-29%) were the major components
of the AMPAR mRNA in both cortical areas, implying that
the major AMPAR complexes in the human cortex are
probably those containing GIuR2 and GIuR3 subunits.
Small but significant differences in the amounts of GIuR2,
GluR3, and GRIP mRNAs were detected between the
two cortical areas: more GIuR3 and GRIP but less GIuR2
were detected in the DLPFC than in the occipital cortex.
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Glutamate is the primary excitatory neurotransmitter
in the human brain. Excitatory synaptic activity conveyed
by glutamate is mediated by three pharmacologically de-
fined subtypes of ionotropic glutamate receptors: N-
methyl-D-aspartate (NMDA), L-o-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA), and kainate.
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Studies conducted during the past decade have strongly
implicated abnormalities in the glutamatergic system of the
cerebral cortex and hippocampus in schizophrenia
(Meador-Woodruff and Healy, 2000; Goff and Coyle,
2001; Harrison, 2004). Evidence for these abnormalities
first emerged from pharmacological studies showing that
antagonists of the NMDA subtype of glutamate receptors
such as phencyclidine and ketamine can induce some of
the psychotic signs and symptoms of schizophrenia in
normal controls and can exacerbate symptoms in schizo-
phrenics (Javitt and Zukin, 1991; Krystal et al., 1994,
1998, 1999; Halberstadt, 1995; Lahti et al., 1995a,b;
Anand et al., 2000). These studies were instrumental in the
development of a hypothesis that posits a hypofunctional
postsynaptic glutamatergic system in schizophrenia (Carls-
son et al., 2001). The mechanism of neuropsychiatric
effects of NMDA antagonists, however, is not at all clear.
An increase in dopamine release, effect on the -
aminobutyric acid (GABA) system, and modulation of the
serotonergic system have been suggested as possible mech-
anisms (Olney and Farber, 1995). The eftects of NMDA
antagonists may, in fact, be mediated by increased gluta-
mate release (Moghaddam et al., 1997; Farber et al., 1998);
phencyclidine and ketamine have been suggested to in-
crease glutamatergic neurotransmission via non-NMDA
receptors (e.g., AMPA and kainate; Moghaddam and Ad-
ams, 1998; Anand et al., 2000). These studies suggest that,
contrary to the hypoglutamatergic theory of schizophre-
nia, the symptoms induced by NMDA antagonists could
be a result of increased glutamate release and/or increased
activation of non-NMDA postsynaptic glutamate recep-
tors. Support for this possibility can be gleaned from
studies that document increased ligand binding to AMPA
receptors (AMPARSs) in cortices of schizophrenics (Noga
et al., 2001; Zavitsanou et al., 2002).
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AMPARSs mediate the majority of the fast excitatory
transmission in the CNS of vertebrates. These receptors
are concentrated at postsynaptic densities (PSD) of exci-
tatory synapses, although a large pool of AMPARS is also
present in the cytoplasm of neuronal somata and dendrites
(Petralia, 1997). AMPARS are tetrameric heterooligomers
composed of combinations of glutamate receptor (GluR)
subunits 1-4 (Wisden and Seeburg, 1993; Hollmann and
Heinemann, 1994; Rosenmund et al.,, 1998). AMPAR
trafficking between cytoplasmic compartments and cell
membranes plays a prominent role in regulating synaptic
efficacy. The number and type of AMPARS present at the
PSD can be rapidly altered by synaptic activity through
endocytosis and exocytosis of the receptors associated with
the plasma membrane or intracellular membranes (Barry
and Zift, 2002; Malinow and Malenka, 2002).

AMPAR subunit C-terminal domains contribute to
trafticking through interaction with cytosolic proteins that
engage the trafticking machinery or anchor the receptor to
different membranes. The GluR1 subunit C-terminus
binds to SAP97 (for synapse-associated protein 97 kDa;
Leonard et al., 1998), which belongs to the SAP90/PSD95
(for postsynaptic density protein 95 kDa) subfamily of
membrane-associated guanylate kinase homologs (MAG-
UKs). The association of GluR1 and SAP97 appears to
occur initially during the early stages of the biosynthesis of
GluR1; an interaction between these two synaptic pro-
teins has been detected, whereas GluR 1 subunits are still
in the endoplasmic reticulum and cis-Golgi network (Sans
et al,, 2001). SAP97 and GluR1 complexes appear to
dissociate as the two proteins reach the synaptic plasma
membrane, suggesting that SAP97 may play role in the
synaptic trafficking of GluR1 (Sans et al., 2001; Rum-
baugh et al., 2003).

The cytoplasmic tails of GluR2 and GluR 3 are sub-
stantially homologous, and both bind the closely related
multi-PDZ (PSD95/DLG/Z0O-1) domain factors GRIP
(for glutamate receptor interacting protein; Dong et al.,
1997) and ABP (for AMPA receptor binding protein;
Srivastava et al., 1998). In rodent brain, both GRIP and
ABP are expressed in N-terminal leader palmitoylated and
nonpalmitoylated isoforms (Yamazaki et al., 2001; De-
Souza et al., 2002). These GRIP and ABP isoforms asso-
ciate with the plasma membrane and spine heads and with
intracellular membranes, respectively, and bind/anchor
GluR2-containing  AMPARs at these locations. The
GluR2/3 cytoplasmic tails also bind PICK1 (for protein
interacting with C kinase 1), a single PDZ domain protein
that clusters AMPARSs (Xia et al., 1999).

We have recently demonstrated an increased mRINA
expression of two NMDA receptor subunits (NR1 and
NR2A) and PSD95, which forms a postsynaptic scaftold
for the NMDA receptor, in the dorsolateral prefrontal
cortex (DLPFC) and the occipital cortex of elderly, chron-
ically ill schizophrenics relative to normal controls
(Dracheva et al., 2001). Given the pivotal role of AM-
PARGs in glutamatergic neurotransmission and their poten-
tial involvement in mediating the eftects of psychotomi-
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TABLE I. Demographic Characteristics of the Study Cohort
Age at
Sex death
N (M:F) PMI (hr) (years) pH
Normal controls 26  11:15 8.6*+12 809 *22 6.38=*0.05
Schizophrenics 36 279 140*x15 756=*=19 6.41 £0.05

metics, such as ketamine, we sought to determine whether
the expression of genes coding for the GluR 1-4 subunits
of the AMPAR and/or for their binding proteins SAP97,
ABP, GRIP, and PICK1 are increased in the cortices of
schizophrenics.

MATERIALS AND METHODS
Human Post-Mortem Tissue

Frozen post-mortem brain tissue from the DLPFC (Brod-
mann area 46) and visual cortex (Brodmann area 17) of subjects
diagnosed with schizophrenia (N = 36) by DSM-IV criteria and
normal elderly controls (N = 26) were obtained from the
Mount Sinai/Bronx Veterans Administration (VA) Medical
Center Department of Psychiatry Brain Bank. The mean age,
post-mortem interval, tissue pH, and sex distributions of the
cohorts used in this study are shown in Table I. All schizo-
phrenic subjects had been chronically hospitalized at Pilgrim
Psychiatric Center (New York) or associated nursing homes for
many years. The Written Informed Consents were obtained
from the next of kin. All assessment and post-mortem proce-
dures were approved by the Institutional Review Boards of
Pilgrim Psychiatric Center, Mount Sinai School of Medicine,
and the Bronx VA Medical Center. All patients had thorough
neuropathologic characterization to rule out discernible neuro-
pathologies such as Alzheimer’s disease and multiinfarct demen-
tia (Purohit et al., 1998). Normal controls had no history of any
psychiatric or neurologic disorders and no discernible neuro-
pathologic lesions. All subjects, normal controls and schizo-
phrenics, died of natural cause. Among the schizophrenia sub-
jects, nine had been off neuroleptic medications for at least
6 weeks prior to death (range off neuroleptics = 0—246 weeks).
The dissections of tissues were performed as described by
Dracheva et al. (2001).

Quantitation of mRNA Expression

RNA isolation and RT reaction. Total RNA extrac-
tion and reverse transcriptase (R'T) reactions were performed as
described previously (Dracheva et al., 2001, 2003, 2004). Tem-
plate RNA quality, including degradation and DNA contami-
nation, was controlled as described previously (Dracheva et al.,
2001, 2003, 2004). The resulting cDNA preparations were
diluted 25 times in water; 5 wl of the diluted cDNA were
amplified in 25 pl of PCR.

Primer, molecular beacon, and TaqMan design.
Real-time PCR was used to determine the relative mRINA
expression of AMPAR subunits (GluR 1-4) and AMPAR bind-
ing proteins (SAP97, ABP, GRIP, and PICKI1; Tyagi and
Kramer, 1996; Bonnet et al., 1999; Marras et al., 1999; Vet et
al., 1999). The human ABP has not yet been identified; how-
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TABLE II. Primers, Molecular Beacons, and TagMan Probes Used for the Detection of mRNA Expression*

Product
Target Primers Accession No. Primer position size (bp)

B-Actin MB and TagMan F-TCACCCACACTGTGCCCATCTACGA NM_001101 549-573 295
R-CAGCGGAACCGCTCATTGCCAATGG 843-819

GluR1 F-GGAAGGACGGGACCAGACAA NM_000827 1856-1875 133
R-AACGATGCGACCAGACAGGG 1988-1969

GluR2 F-AGTGCGGAGCCCTCTGTGTT NM_000826 2249-2268 137
R-ATGGTGTCGCAAGGCTTCCT 2385-2366

GluR3 F-TGCCAATCTCGCTGCTTTCC NM_000828 2223-2242 107
R-CGGAGTCCAGGGTCCCATAT 2329-2310

GluR4 F-CAGAAGAGCCAGAGGACGGA NM_000829 1724-1743 136
R-CCTGAGAGGGATCTGGGTGA 1859-1840

SAP97 F-GAGAGCTCAGAAAAGGAGATCGTATT NM_004087 1699-1724 79
R-GCTGCTGCCTGCTCATGAC 1777-1758

ABP F-CTGACACGGTGGCTAATGCTT AB051506 731-751 60
R-ACCCTGGCGTCTTGACTATTTC 790-769

GRIP F-GGCTTACTGGAGAAAGGAGTGTATG XM_047362 (PDZ7) 605-629 101
R-TGATTCACCTGTAAGAGCCTGTCA 705-682

PICK1 F-CCTGCCTCTATATCGTCCAGGTA NM_012407 361-383 71
R-ATCGCCAGCTGCCACTGT 431-414

Probes

B-Actin MB FAM-CCGGTC AGCCGTGGCCATCTCTTGCTCGAAG GACCGG-DABCYL

GAPDH MB FAM-CGCAGC CGCCAGTAGAGGCAGGGATGAT GCTGCG-DABCYL

GluR1 MB TET-CTGCGC CCTTGCTGCATGAAGGCTCCCA GCGCAG-DABCYL

GluR2 MB TET-CTGCGC GTGGCTAGAGTGCGGAAGTCCA GCGCAG-DABCYL

GluR3 MB TET-CGCTCG AGCTAAGTCTTCAGCACTCTCTATGGG CGAGCG-DABCYL

GluR4 MB TET-CGCAGC GACCCAGCGACCAGCCTCCCA GCTGCG-DABCYL

B-actin TaqMan
SAP97 TagMan
ABP TagMan
GRIP TagMan
PICK1 TagMan

FAM-CAGCTCTGAGGTCAACA-MGB
FAM-CACCATCAAGGGTCC-MGB
FAM-TGGGCCAGGAGATC-MGB
TET - CCGTCCAAGGCTGCTG-MGB

VIC-ATGCCCTCCCCCATGCCATCCTGCGT - TAMRA

*FAM, fluorescein; TET, tetrachlorofluorescein; VIC, Applied Biosystems proprietary dye; DABCYL, 4-(4'-dimethylaminophenylazo) benzoic acid;

TAMRA, carboxytetramethylrhodamine; MGB, minor groove binder.

ever, by using a BLASTP search (Schaffer et al., 2002) with the
rat ABP protein sequence (AAC36313), we have detected a
protein (KIAA1719) encoded by an uncharacterized human
gene (BAB21810, AB051506), which has a high level of se-
quence similarity to the rat ABP (85% identity in the entire
amino acid sequence and 92% identity in the sequence spanning
the PDZ1-PDZ6 regions). This level of sequence conservation
is sufticient to conclude that KIAA1719 is the likely human ABP
ortholog. Accordingly, the sequence of the KIAA1719 mRINA
(AB051506) was used to generate primers and probes for the
human ABP gene. KIAA1719 was previously used as a possible
ortholog of rat ABP in a study that described the mRINA
expression of AMPAR -associated postsynaptic protein in ma-
caque brain (Beneyto and Meador-Woodruft, 2004). PCR
primers for amplification of AMPARs were designed so that
they did not distinguish between any known splicing variants of
the receptor subunits (Dingledine et al., 1999). Molecular bea-
cons (MBs) were used as fluorogenic probes in the AMPARSs
real-time PCR assays. They were designed as described in our
previous publication (Dracheva et al., 2001) and were synthe-
sized commercially (IDT, Coralville, IA). TagMan probes were
used for SAP97, ABP, GRIP, and PICK1 mRNA quantitation;

the primers and probes for these assays were designed in the
Primer Express software program (Applied Biosystems, Foster
City, CA) according to the manufacturer’s recommendations
and were synthesized by the same company. All PCR primers
and fluorogenic probes that were used in the study are shown in
Table II.

Real-time PCR. Real-time PCR analysis was per-
formed with an ABI Prism 7700 Sequence Detector (Applied
Biosystems). The MB PCR assays (GluR 1—4 and (3-actin) were
carried out as described previously (Dracheva et al., 2001, 2003).
The concentrations of probes were 0.07 WM B-actin MB;
0.17 pM GluR1, GluR2, and GluR4 MBs; and 0.3 uM
GluR3 MB. Each 25-pl TagMan PCR (SAP97, ABP, GRIP,
PICK1, and B-actin) contained 5 pl of the relevant cDNA;
0.15 uM of a TagMan probe; 300—400 nM of each primer;
1.25 units of Amplitag Gold DNA polymerase; 0.25 unit of
AmpErase UNG (both enzymes from Applied Biosystems);
200 M each of dATP, dCTP, dGTP; 400 uM of dUTP;
4-5.5 mM MgCl,; and 1X TagMan bufter A (Applied Biosys-
tems). The thermal cycling program consisted of 2 min at 50°C,
10 min at 95°C, followed by 40 cycles of 15 sec at 95°C and
1 min at 60°C. Negative control samples (no-cDNA) were run



for each assay; these samples rendered negligible amounts of
amplification. To ensure the absence of amplification artifacts,
PCR products for each real-time PCR assay were initially
assessed on ethidium bromide-stained agarose gel. All assays used
in the study rendered a single PCR product.

The reactions were quantitated by selecting the amplifi-
cation cycle when the PCR product of interest was first detected
(threshold cycle; Ct). Tests of assay linearity were conducted for
all real-time PCR assays as previously described (Dracheva et al.,
2001). To account for sample-to-sample variability, such as
differences in RNA extractions and difterences in the efficien-
cies of RT reactions, the expression level of each transcript
(GluR1-4, SAP97, ABP, GRIP, PICK1) was normalized to the
expression level of an endogenous reference (B-actin) in each
sample. To account for differences between the runs, the ex-
pression levels for all targets were further normalized by express-
ing them as a ratio of the threshold cycle for the cDNA isolated
from a pooled sample derived from combining cortical speci-
mens from 10 randomly selected cases (calibrator). Pooled
cDNA was run in every plate simultaneously with experimental
samples. The relative expressions of GluR1-4, SAP97, ABP,
GRIP, and PICK1 mRNA were calculated as 27244¢t [the
amount of target, normalized to an endogenous reference (3-
actin) and relative to a calibrator (pooled sample)] as described
by Livak and Schmittgen (2001). Only one cDNA was amplified
in GluR1-4, ABP, GRIP, and B-actin PCRs (monoplex).
SAP97 and PICK1 ¢cDNAs were amplified in one tube (multi-
plex). The absence of competition between SAP97 and PICK1
PCRs was confirmed by comparing the amplification data ob-
tained in the monoplex and multiple amplifications of these
targets in serial dilutions (1:10—-1:10,000) of the pooled cDNA
(Bai et al., 2004). All samples were run in quadruplicate.

Despite the fact that real-time PCR is the most reliable
quantitative method for nucleic acid analysis (Higuchi et al.,
1993; Tyagi and Kramer, 1996; Bonnet et al.,, 1999), only
relative quantitation of mRNA is possible with this method.
The problem of absolute mRINA quantitation by PCR analysis
is twofold. 1) Different PCR assays utilize unique primer/probe
sets and, therefore, have different target amplification efficien-
cies, which are always less than 100%. This renders inaccurate
any direct comparison of expression levels between different
transcripts (e.g., GluR1 vs. GluR2) that are measured by inde-
pendent PCRs. 2) PCR assays that are designed to quantitate
mRNA expression utilize cDNA, which is transcribed from an
RNA template in RT reactions. Accordingly, cDNA (not
RNA) is analyzed in PCR assays. cDNA copies for the specific
mRNA transcripts can be quantitated by using absolute stan-
dards prepared from plasmid DNA, which contains the tran-
script of interest as an insert (see below; see also Livak and
Schmittgen, 2001). Standard curves are prepared for each target
and for an endogenous reference (e.g., B-actin), and the exper-
imental results are quantitated against these standard curves. The
normalized values (the relative abundance) for different targets
represent the expression values of their corresponding mRINAs
and can be directly compared among each other.

To determine the relative abundances of GluR1-4,
SAP97, ABP, GRIP, and PICK1 ¢cDNA templates in experi-
mental samples, PCR amplicons that were specific for these
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targets and for B-actin were subcloned into the vector (pCR-
BluntII-TOPO), and the resultant plasmids (absolute standards)
were used to obtain the standard curves. GluR1-4, SAP97,
ABP, GRIP, PICK1, and B-actin DNA amplicons were syn-
thesized in separate PCRs using Pfu Turbo DNA Polymerase
(Stratagene, La Jolla, CA), the pooled sample cDNA (see above)
as a template, and target specific primers (Table II). The PCR
products were first resolved by agarose gel electrophoresis. The
DNA was excised from a gel, purified by using a MinElute Gel
Extraction Kit (Qiagen, Chatsworth, CA) and subcloned into
pCR-BluntlI-TOPO vector using a Zero Blunt TOPO PCR
Cloning Kit (Invitrogen, La Jolla, CA). The inserts of the
individual clones were confirmed by DNA sequencing (Elim
Biopharmaceuticals, Hayward, CA). The concentrations of plas-
mids were determined by absorbance at 260 nm and converted
to the number of copies by using the molecular weight of the
vector and the inserts. The plasmid DNAs diluted 10°>-10""
were subjected to the real-time PCRs with the specific primers
(Table II) to generate the standard curves for each reaction
(Fig. 1; B-actin standard curve is not shown). Each sample was
run in quadruplicate. For each experimental sample, the abun-
dances of GluR1-4, SAP97, ABP, GRIP, PICK1, and B-actin
cDNAs were calculated from the appropriate standard curve
based on the Ct values determined for each sample in the
real-time PCR measurements of mRINA expression described
above. The normalized target values (the relative abundances)
were obtained by dividing the target amount by the B-actin
amount.

Statistical Tests of Significance

Analysis  of covariance (ANCOVA) followed by
Newman-Keuls tests and ¢-tests was used to analyze the results of
these studies. ANCOVA was used for analyses based on the
entire cohort, where the age of the subject at the time of death
was entered as the covariate. -Tests were used to compare
differences between groups, when the groups had been matched
for age at the time of death. Because each brain region and each
target molecule were measured independently with different
probes and in different experiments, differences between groups
for the expression of each gene were assessed with independent
tests of significance. Pearson product-moment correlation pro-
cedures were used to assess the correlation between the various
continuously distributed variables. Statistical analyses were per-
formed in Statistica for Windows (release 6.0; Statsoft Inc.,
Tulsa, OK) or SPSS for Windows (version 12; SPSS Inc.,
Chicago, IL).

RESULTS

Relative mRINA Expression

The expression of GluR1-4, SAP97, ABP, PICK,
and GRIP did not correlate significantly with post-
mortem interval or with tissue pH (rs < 0.26, Ps > 0.09).
Depending on the specific transcript and brain region,
however, age at death correlated negatively with the
abundance of these transcripts (rs range from —0.19 to
—0.41, Ps range from 0.17 to 0.001). Therefore, age was
entered as a covariate in analyses of variance. Results were
also analyzed in subgroups of cases matched in age to
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Fig. 1. Absolute standard curves obtained with recombinant plasmid
DNAs containing GluR1-4 (A) or AMPAR binding protein (B)
amplicons as inserts. The plasmid DNAs were diluted 10°-10'° times to
be at concentrations similar to those of the target molecules in the
experimental samples and were subjected to real-time PCRs using
primers specific for each target (see Table II). Each sample was run in
quadruplicate. Values represent mean = SD.

within 1 year of each other. In addition, the sex distribu-
tion within the schizophrenia and control groups was
different (x> = 6.8, P = 0.01). To control for sex differ-
ences, sex was also entered as a covariate in the analyses of
variance.

The relative mRNA expression of GluR1 and
GluR 4 subunits was found to be significantly [F(1,58) >
5.04, Ps < 0.03] increased in the DLPFC of schizophren-
ics relative to normal controls. In addition, mRNA ex-
pression of the GluR4 was elevated in the occipital cortex
of the schizophrenics [F(1,58) = 7.0, P = 0.01]. No
statistically significant changes were detected in the ex-
pression of GluR1 in the occipital cortex or in the ex-
pression GluR2 and GluR3 in either cortical area (Fig. 2);
however, the expression of all AMPAR subunits in both
cortical areas was nominally elevated in persons with
schizophrenia. In addition, similar results were obtained
when subjects within the schizophrenia and control
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Fig. 2. Relative expression of the AMPAR subunit (GluR1-4) mR-
NAs in the DLPFC and the occipital cortex (OcCo) of normal controls
(N = 26) and schizophrenics (SZ; N = 36). The relative mRNA
expression for each target was measured by real-time PCR and was
calculated as 274" [the amount of target, normalized to an endoge-
nous reference (B-actin) and relative to a calibrator (cDNA from a
pooled sample)], as described in Materials and Methods. Values repre-
sent mean * SEM. Asterisks indicate statistically significant differences
between control and schizophrenia groups.

groups were matched for PMI to within 60 min of each
other (Ns = 17 and 21, respectively, Ps < 0.03). Further-
more, when subjects within diagnostic groups were
matched for sex, differences between groups persisted for
males (Ns = 11 and 24 for controls and schizophrenics,
respectively, Ps < 0.06), however, in the smaller group of
females (Ns = 15 and 8 for controls and schizophrenics),
only the increased expression of GluR 1 in the DLPFC and
occipital cortex reached statistical significance (Ps < 0.06).

Relative mRNA expression of GRIP and ABP was
increased in the occipital cortex of schizophrenics [F
(1,58) > 5.5, Ps < 0.02]. GRIP mRNA level was also
elevated in the DLPFC of schizophrenia patients [F
(1,58) = 4.17, P = 0.05], whereas ABP mRNA was only
nominally and statistically nonsignificantly increased in this
area. The mRNA expressions of SAP97 and PICK1 were
not changed in schizophrenia (Fig. 3). Similar to the
findings for GluR subunits, differences in the expression of
AMPAR binding proteins persisted (all Ps < 0.06) when
groups were matched for PMI or for sex, except for the
expression of GRIP in males, which did not reach statis-
tical significance.

Although the data reported above were analyzed by
using ANCOVA where age at death was entered as a
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Fig. 3. Relative expression of AMPAR binding proteins (SAP97,
PICK1, GRIP, and ABP) mRNAs in the DLPFC and the occipital
cortex (OcCo) of normal controls and schizophrenics. See Figure 2
legend for details.

covariate, the data were also analyzed in subsets of 20 and
17 cases of controls and schizophrenics, respectively,
where cases and controls were selected to match in age to
within 12 months of each other. t-Test of GluR 1, GluR 4,
GRIP, and ABP expression in the brain regions where
significant difterences had been found by ANCOVA con-
firmed the statistically significant elevations in gene ex-
pression for these transcripts (fs < 2.06, Ps < 0.05) even
when groups were matched for age (not shown).

Relative mRINA Abundances

The relative abundances of GluR 1-4, SAP97, ABP,
GRIP, and PICK1 mRNAs in each sample were calcu-
lated from the appropriate standard curves (Fig. 1) as
described in Materials and Methods. As expected, these
calculated amounts showed the same differences between
the schizophrenia and the normal control groups that were
observed for relative mRINA expression values described
above (Table III).

The relative mRNA abundances of different genes
can be directly compared with each other when the quan-
titative methods described above are used. There were
significant differences in mRINA abundances between dif-
ferent AMPAR subunits and between different AMPAR
binding proteins in both control and schizophrenia groups
[repeated-measures ANOVA F(3,177) = 599, P =
0.00001; Table III, Fig. 4]. These differences were similar
in the schizophrenia and control groups. The relative
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abundances of GluR 1, GluR2, GluR3, and GluR4 mR-
NAs (calculated as a percentage of total amount of AM-
PAR subunits) were 7.5% * 0.4%, 64.2% = 1.0%, 24.2%
* 0.8%, and 4.5% = 0.2%, respectively, in the occipital
cortex (N = 62) and 8.3% * 0.5%, 58.6% * 1.1%, 29%
* 0.8%, and 4.4% £ 0.4%, respectively, in the DLPFC
(N = 61) of the entire cohort. GluR2 and GluR3 were
the major components in the AMPAR subunits expressed
in both cortical regions. With calculation as a percentage
of the total amount of AMPA subunits, significant differ-
ences in the amounts of GluR?2 and GluR3 mRNAs were
detected between the two cortical areas (P < 0.0003).
More GluR2 and less GluR3 mRNAs were expressed in
occipital cortex than in the DLPFC (Fig. 4A). The relative
abundances of SAP97, PICK1, GRIP, and ABP mRNAs
were 87.6% * 0.5%, 7.3% £ 0.3%, 3.5% %= 0.3%, and
1.7% %= 0.1%, respectively, in the occipital cortex (N =
61) and 86.6% = 0.5%, 7.1% = 0.3%, 4.6% % 0.3%, and
2.0% £ 0.1%, respectively, in the DLPFC (N = 61) of the
entire cohort. More GRIP mRNA was detected in the
DLPFC than in the occipital cortex (P = 0.017; Fig. 4B).

Although all schizophrenia subjects had been exposed
to neuroleptic medications during the course of their illness,
antipsychotic medications had been discontinued for some
for different amounts of time prior to death, ranging from
0 to 246 weeks. To determine whether the expression of
AMPARs and AMPAR binding proteins was influenced by
antipsychotic medications received proximal to death, Pear-
son’s correlation coefficients were calculated for the abun-
dance of each mRINA under study and the number of weeks
off neuroleptics. All rs were less than —0.19, and none of the
correlations reached statistical significance (Ps > 0.31). As a
further check on the influence of neuroleptics on AMPAR
and AMPAR binding proteins, the schizophrenia group was
stratified into those who were continuously exposed to an-
tipsychotic medications and those who were exposure free
for 6 weeks or more [i.e., 6 half-lives of haloperidol in human
brain after chronic treatment (Kornhuber et al., 1999)]. This
analysis showed that the two groups were statistically indis-
tinguishable from each other with respect to the expression of
AMPARs and AMPAR binding proteins except for the
lower expression of GluR1 in “drug-free” cases in the
DLPFC (Ns = 23 and 12 for drug exposed vs. “drug free”
schizophrenics, respectively; P < 0.006).

DISCUSSION

The results of this study showed a significant increase
in the expression of mRNAs encoding two subunits of the
AMPAR (GluR1 and GluR4) and two of the four studied
AMPAR binding proteins (ABP and GRIP) in the cere-
bral cortex of schizophrenia subjects. The observed
changes were region specific, insofar as GluR 1 was signif-
icantly increased only on the DLPFC and ABP only in the
occipital cortex, whereas GluR4 and GRIP were signifi-
cantly changed in both regions studied. However, nomi-
nal increases in mRINA expression of all GluR subunits
and ABP were observed in the both cortical areas. These
data point to a possible abnormality in the AMPAR system
and, by inference, in glutamatergic functioning in schizo-
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TABLE III. Relative Abundances of the AMPAR Subunits and AMPAR Binding Proteins mRNAs in the DLPFC (PFC) and the
Occipital Cortex (OcCo) of the Subjects With Schizophrenia (SZ) and the Normal Controls (NC)*

AMPAR subunits

AMPAR binding proteins

GluR 1 GluR2 GIuR3 GluR 4 SAP97 PICK1 GRIP ABP
PFC OcCo PFC OcCo PFC OcCo PFC OcCo PFC OcCo PFC OcCo PFC OcCo PFC OcCo
NC (N = 26) Mean 0.31*% 041 242 323 136 122 0.15% 0.18% 470 485 0.39 039 0.17% 0.15% 0.10 0.08*
SEM  0.06 0.07 033 035 025 020 0.02 0.02 054 058 0.06 004 0.02 0.02 0.02 0.01
SZ (N = 36) Mean 0.48% 054 321 432 1.6l 1.56  0.22* 0.29* 555 6.00 043 045 026* 0.24* 0.13 0.13*
SEM  0.06 0.06 036 045 017 0.15 0.02 0.03 0.63 039 0.06 003 0.02 0.02 0.01 0.01

TFor each experimental sample, the amounts of GluR 1-4, SAP97, ABP, GRIP, PICK1, and B-actin cDNAs were calculated from the appropriate standard
curve based on the Ct values determined for each sample in the real-time PCR measurements of mRNA expression. The relative abundances were
calculated by dividing the target amount by the B-actin amount. Values represent mean * SEM.

*Statistically significant differences between control and schizophrenia cohorts.
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Fig. 4. Relative abundances of GluR1-4 (A) and AMPAR binding
proteins (B) in the DLPFC and the occipital cortex of the entire
cohort. The values are expressed as a percentage of total amount of
AMPAR subunits (A) or of total amount of AMPAR binding
proteins (B) and represent mean = SEM. Asterisks indicate statisti-
cally significant differences between the DLPFC and the occipital
cortex. Significant differences in the amounts of GluR2, GluR 3 (A),
and GRIP1 (B) mRNAs were detected between the two cortical
areas. Note that GluR2, GluR3 (A), and SAP97 (B) were the major
components in the AMPAR subunits and AMPAR binding pro-
teins, respectively.

phrenia. These results should be interpreted with caution,
however, because, as is often the case in schizophrenia
research, it is possible (see below) that at least some of the
abnormalities in the AMPA receptor system described
could have resulted from prolonged exposure to antipsy-
chotic medications.

This is the first study in which the relative abun-
dances of mRNAs that encode four AMPAR subunits
(GluR1-4) and four AMPAR binding proteins (SAP97,
PICK1, ABP, and GRIP) were measured in two different
human cortical regions (DLPFC and occipital cortex). The
relative abundances of GluR1-4 subunits mRNA in the
human DLPFC and occipital cortex were GluR2 >
GluR3 > GluR1 > GluR4. GluR2 (58—-64%) and
GluR3 (24-29%) were the main components of the cor-
tical human AMPARS; therefore, the major AMPAR
complexes in the human cortex are probably those con-
taining GluR2 and GluR3 subunits. Although to our
knowledge there have been no studies that specifically
investigated the abundances of AMPAR subunits in hu-
man cortical tissues, our data are in agreement with reports
that, in the rat somatosensory cortex, the majority of
neurons (approximately two-thirds) showed expression of
the GluR2 and undetectable expression of the GluR1
subunit (Kondo et al., 1997). In contrast, cultured rat
hippocampal pyramidal neurons express high levels of
GluR1 and GluR2 mRNAs (~48% and 45%, respec-
tively; Tsuzuki et al., 2001), and one of the major types of
AMPAR complexes that are present in the rat CA1/
CA2 hippocampal neurons is those made up of GluR 1 and
GluR 2 subunits (Wenthold et al., 1996).

The properties of AMPAR depend mostly on the
presence of the GluR2 subunit, which determines both
the rectification properties and the calcium permeability of
the receptor channels (Hollmann et al., 1991; Geiger et al.,
1995; Jonas and Burnashev, 1995). AMPARs with GluR2
subunits display a linear or outward rectification and little
calcium permeability. In contrast, receptors lacking this sub-
unit exhibit strong inward rectification and high calcium
permeability. Most neurons express GluR2 and form
calcium-impermeable channels, but populations of neurons
that lack GluR2 have been identified in both hippocampus



and cortex (Bochet et al., 1994; Wenthold et al., 1996;
Kondo et al., 1997). Although the influence of the other
subunits is less dramatic, the properties of the receptor are
dependent on the subunit and splice variant composition
(Mosbacher et al., 1994; Geiger et al., 1995). Thus, differen-
tial expression of GluR subunits could provide AMPARS in
the CNS with functional diversity. Therefore, the small dif-
ferences detected in the expression of GluR2 and
GluR3 genes between DLPFC and occipital cortex (more
GluR2 and less GluR3 mRNAs were found in the occipital
cortex than in the DLPFC) may indicate the presence of
subtle differences in the functionality of the glutamatergic
system between these two cortical areas.

The expression of SAP97 mRNA in DLPFC and
occipital cortex was significantly higher (by over 10 times)
than the expression of other genes coding for other AM-
PAR binding proteins investigated (PICK1, GRIP, and
ABP). SAP97 is believed to be involved in the synaptic
trafficking of GluR1 subunit (Sans et al., 2001; Rum-
baugh et al., 2003). At least in vitro, SAP97 can bind to
numerous neuronal proteins in addition to GluR 1, includ-
ing NMDAR NR2 subunits (Niethammer et al., 1996;
Gardoni et al., 2003), K™ channels (Tiffany et al., 2000),
and multiple other MAGUKSs (Karnak et al., 2002). A
recent study demonstrated that RNAi knockdown of en-
dogenous SAP97 in hippocampal neurons reduced surface
expression of both GluR1 and GluR2 and inhibited both
AMPA- and NMDA-mediated excitatory postsynaptic
currents (EPSCs), implying additional roles of SAP97 in
maintaining the functional and morphological integrity of
synapses (Nakagawa et al., 2004). Also, in contrast to other
MAGUKs and AMPAR binding proteins, SAP97 is ex-
pressed in nonneuronal cells (Muller et al., 1995). In
epithelial cells, SAP97 has been found localized at sites of
cell-cell contact along the lateral membrane, where they
are integrated into the cortical cytoskeleton, suggesting
that SAP97 may play a scaftolding role in the assembly and
structural integrity of various types of membrane special-
ization (Reuver and Garner, 1998). Thus, high expression
of SAP97 message can be explained by the diversity of
roles of SAP97 in cellular function.

The relative mRNA expressions of GluR1 and
GluR4 subunits and GRIP was significantly increased in
the DLPFC of schizophrenics relative to normal controls.
In addition, mRINA expression of GluR4, GRIP, and
ABP was also elevated in the occipital cortex of the
schizophrenics. In rodents and nonhuman primates, pop-
ulations of neurons expressing primarily GluR 1 have been
identified in the cortex, striatum, and spinal cord, and such
neurons have been hypothesized to form predominantly
homomeric receptors (Petralia and Wenthold, 1992; Mar-
tin et al., 1993; Tachibana et al., 1994). In a hippocampal
culture study, a few nonpyramidal neurons exhibited a
strong inward rectification and a high calcium permeabil-
ity (Iino et al., 1990), and single-cell RT-PCR and patch-
clamp studies revealed that they express only two subunits,
GluR1 and GluR4 (Bochet et al., 1994). In the rat so-
matosensory cortex, the neurons that contain GluR1 but
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have undetectable GluR2 subunit immunostaining con-
stituted 10—15% of cortical neurons and had mostly non-
pyramidal shapes (Kondo et al., 1997). Most of these
neurons contained GluR 4 subunits and were parvalbumin
immunoreactive (Kondo et al., 1997). Because parvalbu-
min is found almost exclusively in GABA neurons in the
cerebral cortex (Celio, 1986; van Brederode et al., 1991;
Ren et al., 1992), these GluR1-expressing neurons are
likely to be GABAergic. A recent immunohistochemical
study of AMPAR binding proteins in the rat cerebral
cortex has demonstrated that most GRIP-positive cells
also contained ABP, and vice versa. However, cells
strongly immunopositive for ABP (mainly pyramidal neu-
rons) were weakly stained for GRIP, whereas cells
strongly immunopositive for GRIP (a subset of nonpyra-
midal neurons) were weakly stained for ABP (Burette et
al.,, 2001). This study also identified a small group of
ABP-intense, GluR2/3-negative cortical cells (Burette et
al., 2001). Based on their morphology, location, and in-
tense staining for GRIP, the authors surmised that these
were likely to represent a specialized population of
GluR1-rich GABAergic interneurons (Burette et al,
1999), suggesting that ABP and GRIP play some scaftold-
ing role unrelated to GluR2/3 in these neurons. These
observations and the data reported here support the hy-
pothesis of increased expression of GluR1/GluR4 con-
taining AMPARs and AMPAR binding proteins (GRIP
and ABP) in this specific subset of cortical local inhibitory
GABAergic neurons in elderly schizophrenics. Alterna-
tively, the number of these specific GABAnergic neurons
might be increased in schizophrenia patients. Consistent
with either possibility, we recently demonstrated, with the
same experimental cohort, enhanced mRNA expression
of major GABA-synthesizing enzymes (GAD67 and
GADG5) in the DLPFC and occipital cortex of schizo-
phrenia patients in comparison with matched normal con-
trols (Dracheva et al., 2004).

As was mentioned above, increased ligand binding to
AMPARSs has recently been demonstrated in cortices of
schizophrenics (Noga et al., 2001; Zavitsanou et al., 2002).
Our study indicated significant increases in GluR1 and
GluR4 mRNA expression and nominal increases in the
expression of GluR2 and GluR3 subunits in two cortical
areas of schizophrenia patients. With a slightly larger sam-
ple, or less variance, the increases detected for the two
statistically “‘unchanged” major subunits of AMPAR
(GluR2 and -3) would likely also attain statistical signifi-
cance. Therefore, it is plausible that the overall elevation
in the AMPAR neurotransmission could be a character-
istic of the disease.

Possible alterations in expression of AMPAR and AM-
PAR binding proteins in schizophrenia have been exten-
sively investigated in a number of cortical regions (Breese et
al., 1995; Healy et al., 1998; Sokolov, 1998; Noga et al.,
2001; Toyooka et al., 2002; Zavitsanou et al., 2002). The
results of these studies, however, are markedly discordant
(Meador-Woodruff and Healy, 2000). There are several pos-
sible reasons for these inconsistencies, including differences in
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methodology and in cortical regions investigated. The most
parsimonious explanation for the discrepancy lies in the char-
acteristics of the cohorts selected in the different studies.
Differences in the severity of disease, diagnostic certainty,
subjects’ age at death, cause of death, PMlIs, drug regimens,
etc., might possibly contribute to the outcomes of the studies.
The methods employed in the current study aimed to address
many of these issues and possible sources of experimental
error. The study reported here was performed on a cohort of
well-characterized and antemortem assessed and diagnosed
elderly patients with schizophrenia and matched normal con-
trols (Davidson et al., 1995; Davidson and Haroutunian,
1995; Harvey et al., 1998). The real-time PCR methodology
used for mRNA expression measurements is arguably the
most advanced and quantitative method for DNA and RNA
quantitation (Higuchi et al., 1993; Tyagi and Kramer, 1996;
Bonnet et al., 1999). The use of gene-specific probes in
contrast to nonspecific approaches, such as SYBR green,
added to the fidelity of the assay system used. In addition, the
linearity and fidelity of each PCR assay were carefully opti-
mized for the full range of individual differences in mRINA
expression between the samples.

Among the issues of concern in almost every post-
mortem neurobiological study of schizophrenia is the in-
fluence of antipsychotic medications on the variables un-
der investigation. The potential influence of antipsychotic
medications was analyzed by determining whether the
number of weeks prior to death for which subjects had
been free of neuroleptic medications (0—246 weeks) cor-
related with the abundance of the mRINAs under study.
Significant correlations between the abundance of any of
the AMPAR subunits or binding proteins were not ob-
served. This conclusion was supported in part by the lack
of differences between “drug-free” and drug-exposed
schizophrenics for the majority of the GluRs and AMPAR
binding proteins investigated. The failure to find signifi-
cant correlations between time free of neuroleptic medi-
cations and AMPARs and their associated intracellular
machinery does not preclude a more permanent influence
of antipsychotic medications, however. Indeed, compari-
son of “drug-free” and drug-exposed schizophrenics
showed that the expression of GluR1 in the DLPFC was
significantly reduced in the former group. Whether neu-
roleptic exposure had a true influence on GluR1 gene
expression or whether the apparent increase in GluR1
expression in the drug-exposed group was a spurious
finding resulting from the smaller sample sizes analyzed
remains to be determined. Although it is often impossible
to address fully the role of lifetime exposure to antipsy-
chotic medications, studies in chronically neuroleptic-
exposed animals provide one avenue of exploration. Un-
fortunately, numerous experiments on the possible
influence of neuroleptics on the expression of AMPARS
have yielded inconsistent results (Oretti et al., 1994;
Fitzgerald et al., 1995a; Eastwood et al., 1996; Meador-
Woodruff et al., 1996; Tarazi et al., 1996; McCoy et al.,
1998). Oretti et al. (1994) found no change in whole-rat-
brain RNA levels of any of the AMPAR subunit mRNAs

after 1-32 days of treatment with a variety of antipsychot-
ics. Also, GluR1 mRNAs were found to be entirely
unaffected in rat forebrain by 16 days of haloperidol treat-
ment (Eastwood et al., 1996). However, consistent with
the results described above, immunoblotting was used to
show that 30 days of haloperidol treatment increased
GluR 1 protein abundance in the medial prefrontal cortex
of rats (Fitzgerald et al., 1995b). Up-regulation of hip-
pocampal GluR1 mRNA by haloperidol has also been
reported (Meador-Woodruft et al., 1996). In another
study, however, subchronic and chronic antipsychotic
drug treatment did not alter ["THJCNQX (AMPA) binding
in the rat medial prefrontal cortex (Tarazi et al., 1996).
Two recent studies reported decreased ["H]JCNQX
(AMPA) receptor binding in the prefrontal cortex and
putamen of nonschizophrenic neuroleptic-treated normal
subjects compared with nontreated controls (Noga et al.,
1997, 2001). Thus, when these results and those reported
here are viewed in their totality, it is not obvious which
changes in AMPARs and AMPAR binding proteins are
attributable to schizophrenia and which to the medications
used to treat it. Either outcome would be of significant
therapeutic and expository interest. If the changes in the
AMPA receptor system are attributable to antipsychotic
medications, then they raise the possibility that the ob-
served up-regulation may be important to therapeutic
response. If the changes in gene expression are intrinsic to
the disease process itself, then they suggest that the dys-
regulation of AMPA receptor systems and their associated
proteins is part of the disease process and point to novel
directions for future experimentation.

ACKNOWLEDGMENTS

The Schizophrenia Brain Bank and the studies re-
ported here were supported by Merit Review MIRECC
(Department of Veterans Affairs) awards and grant RO1-
MHO064673 to V.H. and grant MH45212 from the Na-
tional Institute of Mental Health CONTE to Kenneth L.
Davis.

REFERENCES

Anand A, Charney DS, Oren DA, Berman RM, Hu XS, Cappiello A,
Krystal JH. 2000. Attenuation of the neuropsychiatric effects of ketamine
with lamotrigine: support for hyperglutamatergic effects of N-methyl-D-
aspartate receptor antagonists. Arch Gen Psychiatry 57:270-276.

Bai J, He F, Novikova SI, Undie AS, Dracheva S, Haroutunian V, Lidow
MS. 2004. Abnormalities in the dopamine system in schizophrenia may lie
in altered levels of dopamine receptor-interacting proteins. Biol Psychi-
atry 56:427—440.

Barry MF, Zift EB. 2002. Receptor trafticking and the plasticity of exci-
tatory synapses. Curr Opin Neurobiol 12:279-286.

Beneyto M, Meador-Woodruff JH. 2004. Expression of transcripts encod-
ing AMPA receptor subunits and associated postsynaptic proteins in the
macaque brain. ] Comp Neurol 468:530-554.

Bochet P, Audinat E, Lambolez B, Crepel F, Rossier J, lino M, Tsuzuki K,
Ozawa S. 1994. Subunit composition at the single-cell level explains
functional properties of a glutamate-gated channel. Neuron 12:383-388.

Bonnet G, Tyagi S, Libchaber A, Kramer FR. 1999. Thermodynamic basis
of the enhanced specificity of structured DNA probes. Proc Natl Acad Sci
U S A 96:6171-6176.



Breese CR, Freedman R, Leonard SS. 1995. Glutamate receptor subtype
expression in human post-mortem brain tissue from schizophrenics and
alcohol abusers. Brain Res 674:82-90.

Burette A, Wyszynski M, Valtschanoft JG, Sheng M, Weinberg RJ. 1999.
Characterization of glutamate receptor interacting protein-immuno-
positive neurons in cerebellum and cerebral cortex of the albino rat.
J Comp Neurol 411:601-612.

Burette A, Khatri L, Wyszynski M, Sheng M, Ziff EB, Weinberg RJ. 2001.
Differential cellular and subcellular localization of AMPA receptor-
binding protein and glutamate receptor-interacting protein. | Neurosci
21:495-503.

Carlsson A, Waters N, Holm-Waters S, Tedroff J, Nilsson M, Carlsson
ML. 2001. Interactions between monoamines, glutamate, and GABA
in schizophrenia: new evidence. Annu Rev Pharmacol Toxicol 41:
237-260.

Celio MR. 1986. Parvalbumin in most gamma-aminobutyric acid-
containing neurons of the rat cerebral cortex. Science 231:995-997.

Davidson M, Haroutunian V. 1995. Cognitive impairment in geriatric
schizophrenic patients: clinical and post-mortem characterization. In:
Bloom FE, Kupfer DJ, editors. Psychopharmacology: the fourth genera-
tion of progress. New York: Raven Press.

Davidson M, Harvey PD, Powchik P, Parrella M, White L, Knobler HY,
Losonczy MF, Keefe RS, Katz S, Frecska E. 1995. Severity of symptoms
in chronically institutionalized geriatric schizophrenic patients. Am J
Psychiatry 152:197-207.

DeSouza S, Fu J, States BA, Ziff EB. 2002. Difterential palmitoylation
directs the AMPA receptor-binding protein ABP to spines or to intra-
cellular clusters. ] Neurosci 22:3493-3503.

Dingledine R, Borges K, Bowie D, Traynelis SF. 1999. The glutamate
receptor ion channels. Pharmacol Rev 51:7-61.

Dong H, O’Brien R]J, Fung ET, Lanahan AA, Worley PF, Huganir RL.
1997. GRIP: a synaptic PDZ domain-containing protein that interacts
with AMPA receptors. Nature 386:279-284.

Dracheva S, Marras SAE, Kramer FR, Davis KL, Haroutunian V. 2001.
N-methyl-D-aspartic acid receptor expression in the dorsolateral prefron-
tal cortex of elderly patients with schizophrenia. Am J Psychiatry 158:
1400-1410.

Dracheva S, Elhakem SL, Marcus SM, Siever L], McGurk SR, Haroutunian
V. 2003. RNA editing and alternative splicing of human serotonin 2C
receptor in schizophrenia. ] Neurochem 87:1402-1412.

Dracheva S, Elhakem SL, McGurk SR, Davis KL, Haroutunian V. 2004.
GADG67 and GAD65 mRNA and protein expression in cerebrocortical
regions of elderly patients with schizophrenia. ] Neurosci Res 76:581—
592.

Eastwood SL, Porter RH, Harrison PJ. 1996. The effect of chronic halo-
peridol treatment on glutamate receptor subunit (GluR1, GluR2, KA1,
KA2, NR1) mRNAs and glutamate binding protein mRNA in rat
forebrain. Neurosci Lett 212:163-166.

Farber NB, Newcomer JW, Olney JW. 1998. The glutamate synapse in
neuropsychiatric disorders. Focus on schizophrenia and Alzheimer’s dis-
ease. Prog Brain Res 116:421-437.

Fitzgerald L, Deutch A, Gasic G, Heinemann S, Nestler E. 1995a. Regu-
lation of cortical and subcortical glutamate receptor subunit expression by
antipsychotic drugs. ] Neurosci 15:2453-2461.

Fitzgerald LW, Deutch AY, Gasic G, Heinemann SF, Nestler EJ. 1995b.
Regulation of cortical and subcortical glutamate receptor subunit expres-
sion by antipsychotic drugs. ] Neurosci 15:2453-2461.

Gardoni F, Mauceri D, Fiorentini C, Bellone C, Missale C, Cattabeni F, Di
Luca M. 2003. CaMKII-dependent phosphorylation regulates SAP97/
NR2A interaction. ] Biol Chem 278:44745—-44752.

Geiger JR, Melcher T, Koh DS, Sakmann B, Seeburg PH, Jonas P, Monyer
H. 1995. Relative abundance of subunit mRNAs determines gating and
Ca®" permeability of AMPA receptors in principal neurons and inter-
neurons in rat CNS. Neuron 15:193-204.

AMPA Receptors in Schizophrenia 877

Goff DC, Coyle JT. 2001. The emerging role of glutamate in the patho-
physiology and treatment of schizophrenia. Am J Psychiatry 158:1367—
1377.

Halberstadt AL. 1995. The phencyclidine-glutamate model of schizophre-
nia. Clin Neuropharmacol 18:237-249.

Harrison PJ. 2004. The hippocampus in schizophrenia: a review of the
neuropathological evidence and its pathophysiological implications. Psy-
chopharmacology 174:151-162.

Harvey PD, Howanitz E, Parrella M, White L, Davidson M, Mohs RC,
Hoblyn J, Davis KL. 1998. Symptoms, cognitive functioning, and adap-
tive skills in geriatric patients with lifelong schizophrenia: a comparison
across treatment sites. Am J Psychiatry 155:1080—-1086.

Healy DJ, Haroutunian V, Powchik P, Davidson M, Davis KL, Watson S]J,
Meador-Woodruff JH. 1998. AMPA receptor binding and subunit
mRNA expression in prefrontal cortex and striatum of elderly schizo-
phrenics. Neuropsychopharmacology 19:278-286.

Higuchi R, Fockler C, Dollinger G, Watson R. 1993. Kinetic PCR
analysis: real-time monitoring of DNA amplification reactions. Biotech-
nology 11:1026-1030.

Hollmann M, Heinemann S. 1994. Cloned glutamate receptors. In: Cowan
W, Shooter E, Stevens C, Thompson R, editors. Annual review of
neuroscience. Palo Alto, CA: Annual Reviews Inc. p 31-108.

Hollmann M, Hartley M, Heinemann S. 1991. Ca®>" permeability of
KA-AMPA-gated glutamate receptor channels depends on subunit com-
position. Science 252:851-853.

Iino M, Ozawa S, Tsuzuki K. 1990. Permeation of calcium through
excitatory amino acid receptor channels in cultured rat hippocampal
neurones. ] Physiol 424:151-165.

Javitt D, Zukin S. 1991. Recent advances in the phencyclidine model of
schizophrenia. Am ] Psychiatry 148:1301-1308.

Jonas P, Burnashev N. 1995. Molecular mechanisms controlling calcium
entry through AMPA-type glutamate receptor channels. Neuron 15:987—
990.

Karnak D, Lee S, Margolis B. 2002. Identification of multiple binding
partners for the amino-terminal domain of synapse-associated protein 97.
J Biol Chem 277:46730—46735.

Kondo M, Sumino R, Okado H. 1997. Combinations of AMPA receptor
subunit expression in individual cortical neurons correlate with expression
of specific calcium-binding proteins. J Neurosci 17:1570-1581.

Kornhuber J, Schultz A, Wiltfang J, Meineke I, Gleiter CH, Zochling R,
Boissl KW, Leblhuber F, Riederer P. 1999. Persistence of haloperidol in
human brain tissue. Am J Psychiatry 156:885—890.

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremmer JD,
Heninger GR, Bowers MB, Charney DS. 1994. Subanesthetic effects of
the noncompetitive NMDA antagonist, ketamine, in humans: psychoto-
mimetic, perceptual, cognitive and neuroendocrine responses. Arch Gen
Psychiatry 51:199-214.

Krystal JH, Moghaddam B, Breier A, Goldman-Rakic PS, McElvey J.
1998. Glutamate, dopamine, the frontal cortex, and schizophrenia. Biol
Psychiatry 43:60S.

Krystal JH, D’Souza DC, Petrakis IL, Belger A, Berman RM, Charney DS,
Abi-Saab W, Madonick S. 1999. NMDA agonists and antagonists as
probes of glutamatergic dysfunction and pharmacotherapies in neuropsy-
chiatric disorders. Harv Rev Psychiatry 7:125-143.

Lahti AC, Holcomb HH, Medoff DR, Tamminga CA. 1995a. Ketamine
activates psychosis and alters limbic blood flow in schizophrenia. Neuro-
report 6:869—872.

Lahti AC, Koftel B, LaPorte D, Tamminga CA. 1995b. Subanesthetic doses
of ketamine stimulate psychosis in schizophrenia. Neuropsychopharma-
cology 13:9-19.

Leonard AS, Davare MA, Horne MC, Garner CC, Hell JW. 1998. SAP97
is associated with the alpha-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid receptor GluR 1 subunit. ] Biol Chem 273:19518-19524.



878 Dracheva et al.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(—delta delta C(T)) method.
Methods 25:402—408.

Malinow R, Malenka RC. 2002. AMPA receptor trafficking and synaptic
plasticity. Annu Rev Neurosci 25:103—126.

Marras SA, Kramer FR, Tyagi S. 1999. Multiplex detection of single-
nucleotide variations using molecular beacons. Genet Anal 14:151-156.

Martin LJ, Blackstone CD, Levey Al, Huganir RL, Price DL. 1993. Cellular
localizations of AMPA glutamate receptors within the basal forebrain mag-
nocellular complex of rat and monkey. ] Neurosci 13:2249-2263.

McCoy L, Cox C, Richfield EK. 1998. Antipsychotic drug regulation of
AMPA receptor affinity states and GluR1, GluR2 splice variant expres-
sion. Synapse 28:195-207.

Meador-Woodruff JH, Healy DJ. 2000. Glutamate receptor expression in
schizophrenic brain. Brain Res Brain Res Rev 31:288-294.

Meador-Woodruff JH, King RE, Damask SP, Bovenkerk KA. 1996. Dif-
ferential regulation of hippocampal AMPA and kainate receptor subunit
expression by haloperidol and clozapine. Mol Psychiatry 1:41-53.

Moghaddam B, Adams BW. 1998. Reversal of phencyclidine effects by a
group II metabotropic glutamate receptor agonist in rats. Science 281:
1349-1352.

Moghaddam B, Adams B, Verma A, Daly D. 1997. Activation of glutama-
tergic neurotransmission by ketamine: a novel step in the pathway from
NMDA receptor blockade to dopaminergic and cognitive disruptions
associated with the prefrontal cortex. ] Neurosci 17:2921-2927.

Mosbacher J, Schoepfer R, Monyer H, Burnashev N, Seeburg PH, Rup-
persberg JP. 1994. A molecular determinant for submillisecond desensi-
tization in glutamate receptors. Science 266:1059-1062.

Muller BM, Kistner U, Veh RW, Cases-Langhoft C, Becker B, Gundelfinger
ED, Garner CC. 1995. Molecular characterization and spatial distribution of
SAP97, a novel presynaptic protein homologous to SAP90 and the Drosoph-
ila discs-large tumor suppressor protein. ] Neurosci 15:2354-2366.

Nakagawa T, Futai K, Lashuel HA, Lo I, Okamoto K, Walz T, Hayashi Y,
Sheng M. 2004. Quaternary structure, protein dynamics, and synaptic
function of SAP97 controlled by L27 domain interactions. Neuron 44:
453—-467.

Niethammer M, Kim E, Sheng M. 1996. Interaction between the C
terminus of NMDA receptor subunits and multiple members of the
PSD-95 family of membrane-associated guanylate kinases. ] Neurosci
16:2157-2163.

Noga JT, Hyde TM, Herman MM, Spurney CF, Bigelow LB, Weinberger
DR, Kleinman JE. 1997. Glutamate receptors in the post-mortem stria-
tum of schizophrenic, suicide, and control brains. Synapse 27:168—-176.

Noga JT, Hyde TM, Bachus SE, Herman MM, Kleinman JE. 2001. AMPA
receptor binding in the dorsolateral prefrontal cortex of schizophrenics
and controls. Schizophrenia Res 48:361-363.

Olney JW, Farber NB. 1995. NMDA antagonists as neurotherapeutic
drugs, psychotogens, neurotoxins, and research tools for studying schizo-
phrenia. Neuropsychopharmacology 13:335-345.

Oretti RG, Spurlock G, Buckland PR, McGuffin P. 1994. Lack of eftect of
antipsychotic and antidepressant drugs on glutamate receptor mRINA
levels in rat brains. Neurosci Lett 177:39—43.

Petralia RS. 1997. Immunochemical localization of ionotropic glutamate
receptors (GluRs) in neural circuits. In: Monaghan DT, Wenthold RJ,
editors. The ionotropic glutamate receptors. Totawa, NJ: Humana p
219-263.

Petralia RS, Wenthold RJ. 1992. Light and electron immunocytochemical
localization of AMPA-selective glutamate receptors in the rat brain.
J Comp Neurol 318:329-354.

Purohit DP, Perl DP, Haroutunian V, Powchik P, Davidson M, Davis K.
1998. Alzheimer’s disease and related neurodegenerative diseases in el-
derly schizophrenic patients. Arch Gen Psychiatry 55:205-211.

Ren JQ, Aika Y, Heizmann CW, Kosaka T. 1992. Quantitative analysis of
neurons and glial cells in the rat somatosensory cortex, with special

reference to GABAergic neurons and parvalbumin-containing neurons.
Exp Brain Res 92:1-14.

Reuver SM, Garner CC. 1998. E-cadherin mediated cell adhesion recruits
SAP97 into the cortical cytoskeleton. J Cell Sci 111:1071-1080.

Rosenmund C, Stern-Bach Y, Stevens CF. 1998. The tetrameric structure
of a glutamate receptor channel. Science 280:1596—-1599.

Rumbaugh G, Sia GM, Garner CC, Huganir RL. 2003. Synapse-associated
protein-97 isoform-specific regulation of surface AMPA receptors and
synaptic function in cultured neurons. ] Neurosci 23:4567-4576.

Sans N, Racca C, Petralia RS, Wang YX, McCallum J, Wenthold RJ. 2001.
Synapse-associated protein 97 selectively associates with a subset of AMPA
receptors early in their biosynthetic pathway. ] Neurosci 21:7506-7516.

Schaffer AA, Aravind L, Madden TL, Shavirin S, Spouge JL, Wolf YI,
Koonin EV, Altschul SF. 2002. Improving the accuracy of PSI-BLAST
protein database searches with composition-based statistics and other
refinements. Nucleic Acids Res 29:2994-3005.

Sokolov BP. 1998. Expression of NMDARI1, GluR1, GluR7, and
KA1 glutamate receptor mRNAs is decreased in frontal cortex of
“neuroleptic-free” schizophrenics: evidence on reversible up-regulation
by typical neuroleptics. ] Neurochem 71:2454-2464.

Srivastava S, Osten P, Vilim FS, Khatri L, Inman G, States B, Daly C,
DeSouza S, Abagyan R, Valtschanoft JG, Weinberg RJ, Ziff EB. 1998.
Novel anchorage of GluR2/3 to the postsynaptic density by the AMPA
receptor-binding protein ABP. Neuron 21:581-591.

Tachibana M, Wenthold RJ, Morioka H, Petralia RS. 1994. Light and electron
microscopic immunocytochemical localization of AMPA-selective glutamate
receptors in the rat spinal cord. ] Comp Neurol 344:431—-454.

Tarazi FI, Florijn W], Creese I. 1996. Regulation of ionotropic glutamate
receptors following subchronic and chronic treatment with typical and
atypical antipsychotics. Psychopharmacology 128:371-379.

Tiffany AM, Manganas LN, Kim E, Hsueh YP, Sheng M, Trimmer JS.
2000. PSD-95 and SAP97 exhibit distinct mechanisms for regulating
K(+) channel surface expression and clustering. ] Cell Biol 148:147-158.

Toyooka K, Iritani S, Makifuchi T, Shirakawa O, Kitamura N, Maeda K, Naka-
mura R, Niizato K, Watanabe M, Kakita A, Takahashi H, Someya T, Nawa H.
2002. Selective reduction of a PDZ protein, SAP-97, in the prefrontal cortex of
patients with chronic schizophrenia. ] Neurochem 83:797-806.

Tsuzuki K, Lambolez B, Rossier J, Ozawa S. 2001. Absolute quantification
of AMPA receptor subunit mRNAs in single hippocampal neurons.
J Neurochem 77:1650-1659.

Tyagi S, Kramer FR. 1996. Molecular beacons: probes that fluoresce upon
hybridization. Nat Biotechnol 14:303-308.

van Brederode JF, Helliesen MK, Hendrickson AE. 1991. Distribution of
the calcium-binding proteins parvalbumin and calbindin-D28k in the
sensorimotor cortex of the rat. Neuroscience 44:157-171.

Vet JA, Majithia AR, Marras SA, Tyagi S, Dube S, Poiesz BJ, Kramer FR.
1999. Multiplex detection of four pathogenic retroviruses using molecular
beacons. Proc Natl Acad Sci U S A 96:6394—-6399.

Wenthold R]J, Petralia RS, Blahos J II, Niedzielski AS. 1996. Evidence for
multiple AMPA receptor complexes in hippocampal CA1/CA2 neurons.
J Neurosci 16:1982-1989.

Wisden W, Seeburg PH. 1993. Mammalian ionotropic glutamate receptors.
Curr Opin Neurobiol 3:291-298.

Xia J, Zhang X, Staudinger J, Huganir RL. 1999. Clustering of AMPA
receptors by the synaptic PDZ domain-containing protein PICK1. Neu-
ron 22:179-187.

Yamazaki M, Fukaya M, Abe M, Ikeno K, Kakizaki T, Watanabe M,
Sakimura K. 2001. Differential palmitoylation of two mouse glutamate
receptor interacting protein 1 forms with different N-terminal sequences.
Neurosci Lett 304:81-84.

Zavitsanou K, Ward PB, Huang XF. 2002. Selective alterations in iono-
tropic glutamate receptors in the anterior cingulate cortex in schizophre-

nia. Neuropsychopharmacology 27:826—833.



