Saline

PCP

Fig. 4. Effects of acute PCP injection on Lmod2 mRNA expression in the brain regions of adult rats.
Thalamic region-restricted Lmod2 mRNA expression in the adult rat (PD 50) brain 60 min after acute
PCP administration (7.5 mg/kg s.c.) as revealed by in-situ hybridization histochemistry with
35S-labeiled RNA probe for Lmod2.Both of the basal (saline-treated control animais) and
PCP-induced Lmod2 mRNA signals were confined to the thalamic regions in the brain (scale bars, 2

mmy).

Abbreviations: AD, Anterodorsal nucleus ; AMd, Anteromedial nucleus, dorsal part ; AV,

anteroventral nucleus; CL, central lateral nucleus; [AM, interanteromedial nucleus; LD, lateral dorsal
nucleus; RE, nucleus reunions; RT, reticular nucleus; VAL, ventral anterior-lateral complex; VM,
ventral medial nucleus; VPM, ventro posteromedial nucleus; V3, third ventricle ; ZI, zona incerta.
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Fig. 5. Effects of acute administration of
psychotomimetic and antipsychotic drugs on
Lmod2 mRNA expression in the thalamus. (A)
Effects of PCP, MK-801 and
methamphetamine (MAP) on thalamic Lmod2
mRNA # p<0.01, §p<0.05 vs. salinetreated
controls). (B) Effects of pretreatment with
haloperidol (Hal) on PCP-induced
up-regulation of thalamic Lmod2 mRNA. (#
p<0.01 vs. Veh/Sal controls ; # p<0.01
between Veh/PCP and Hal/PCP animals and
between Hal/PCP and Hal/Sal animals). n.s.,
No significant difference. VEH: 0.15% tartaric
acid. Relative expression levels of Lmod2
mRNA in the thalamus of the adult (PD 50) rat
(Lmod2:GAPDH mRNA ratio) were assayed
by the real-time RT-PCR method 60 min after
acute PCP (7.5 mg/kg s.c.), MK-801 (0.5
mg/kg s.c.), and MAP (4.8 mg/kg s.c.)
administration. HAL or VEH was injected 30
min before PCP treatment. Results are shown
as the means with S.EM of data
(Lmod2:GAPDH mRNA ratio) obtained from
six or eight rats per group and are expressed
as a percentage of the values of the
saline-treated controls.
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Abstract SAP97 gene encodes the synaptic scaffolding
PDZ proteins that interact with the L-alpha-amino-
3-hydroxyl-5-methylisoxazole-4-propionate (AMPA), kai-
nate and N-methyl-D-aspartate (NMDA) type glutamate
receptors. Because the disturbed glutamate neurotrans-
mission has been implicated in the pathophysiology of
schizophrenia, we investigated association between the
SAP97 gene and schizophrenia. We genotyped 23 SNPs
capturing the known common haplotype variations of the
gene in a sample comprising 229 schizophrenic patients
and 214 matched controls. In a single marker analysis,
ten SNPs displayed nominally significant (P < 0.05)
association with schizophrenia, although the P values of
these SNPs were non-significant after the Bonferroni
correction. We also compared haplotype estimates based
on case—control genotypes and observed significant
association of eight-two- and three- SNP haplotypes with
schizophrenia following permutation-based correction.
Further examination of the above series of SNPs or
haplotypes in each gender revealed significant associa-
tions between some of these SNPs or haplotypes and the
disorder only in males. The present findings suggest that
the SAP97 gene may be a susceptibility factor in male
schizophrenics and that the modification of the glutamate
receptors-SAP97 signaling pathway could be involved in
the disease pathophysiology.
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Introduction

Schizophrenia is a serious and cryptogenic psychiatric
disorder that displays positive and negative symptoms and
cognitive disturbances indicating impairments of the spe-
cific set of the mental functions (Ross et al. 2006).
Pharmacological and biochemical studies have suggested
that dysregulation of brain glutamatergic transmission may
be involved in the pathophysiology of schizophrenia. Thus,
the antagonists for the N-methyl-p-aspartate (NMDA) type
glutamate receptor such as phencyclidine and ketamine
cause a full range of the above symptomtomatologies
indistinguishable from those of schizophrenia (Javitt and
Zukin 1991; Nishikawa et al. 1991). Moreover, in the
cortical. and subcortical regions of the postmortem brains
from schizophrenic patients, there are accumulating data
showing the alterations in the mRNA expressions and/or
the amount of proteins of the ionotropic and metabotropic
glutamate receptors, glutamate transporters, and the con-
centrations of glutamate and other amino acids related to
the glutamate metabolism and functions (Nishikawa et al.
1983; Harrison et al. 2003; Meador-Woodruff and Healy
2000). In accordance with these results, the schizophrenic
symptoms have been reported to be ameliorated by the
facilitation of the NMDA receptor-mediated transmission
by the direct and indirect agonists for the glycine modu-
latory site of the NMDA receptor including glycine, p-
serine and glycine transporter inhibitor (Javitt 2004), and
the selective activation of the mGlu2/3 receptors by
LY404039 (Patil et al. 2007).
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However, the origin of the disturbed glutamate signaling
in schizophrenia is still unclear. One of the probable mech-
anisms could be a defect in the intracellular integrative
molecular cascade for the diverse machineries of the gluta-
mate neurotransmission, From this view point, it appears to
be relevant to note the possible pathological role of synapse
associated protein 97 (SAP97), in schizophrenia because the
synaptic scaffold protein is implicated in the precise target-
ing and clustering of L-alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) (Nakagawa et al. 2004;
Schliiter et al. 2006), kainate (Mehta et al. 2001) and
N-methyl-p-aspartate (NMDA) (Mauceri et al. 2007; Wang
et al. 2005) type ionotropic glutamate receptors. In rat hip-
pocampal slice cultures, overexpression of SAP97 drove
GluR1 to synapses, potentisted AMPA receptor excitatory
postsynaptic currents (EPSCs) whereas SAP97 knockdown
diminished surface expression of both GluR 1 and GluR2 and
inhibited both AMPA and NMDA EPSCs (Nakagawa et al.
2004). The altered expression of the SAP97 proteins and/or
mRNAs (Toyooka et al. 2002) and AMPA, kainate and
NMDA receptors (Gao et al. 2000; Ibrahim et al. 2000;
Meador-Woodruff et al. 2001; Nishikawa et al. 1983) have
indeed been shown in the postmortem brain tissues from
schizophrenic patients. We therefore performed genetic
analysis of the human SAP97 gene mapped on the chromo-
some 3429 in schizophrenic patients and healthy volunteers.

Materials and methods
Subjects

A total of 229 unrelated Japanese schizophrenics [137
males, 44.3 + 12.2 years (a mean with SD), and 92
females, 44.5 £ 12.7 years] were included in this study.
All patients were diagnosed by well-trained psychiatrists,
according to the Diagnostic and Statistical Manual of
Mental Disorders,fourth edition (DSM-IV Criteria). A
Japanese control group consisted of 214 unrelated healthy
volunteers (105 males, with age of 42.2 £ 9.2 years, and
109 females, 45.5 & 14.9 years) who were medical staff
members and company employees documented to be free
of psychosis. All subjects resided in central Japan.

The present study was approved by the ethics committee
of Tokyo Medical and Dental University. All participants
and healthy volunteers gave informed and written consent
to participate in the study.

Selection and genotyping of single nucleotide
polymorphisms (SNPs)

Genomic DNAs were extracted from the peripheral whole
blood cells of each subject by the phenol extraction
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method or by the DNA Extraction Kit (Stratagene, La
Jolla, CA, USA). The data of genomic structure and the
location of each SNP for human SAP97 were obtained
from the National Center for Biotechnology Information
(NCBI) database (http://www.ncbi.nml.nih.gov/). We also
utilized the International HapMap Project database
(http://www.hapmap.org/). The schematic diagram of the
SAP97 and the location of the SNPs examined are shown
in Fig. 1. To predict the possible molecular conse-
quences of SNPs, we analyzed the consensus sequences
for promoter usage and alternative splicing by using
bioinformatic tools, Promoter 2.0 Prediction Server
(http://www.cbs.dtu.dk/services/Promoter/)  and  Net-
Gen2 server (http://www.cbs.dtu.dk/services/NetGene2/),
respectively.

At the first stage of the SNP analysis, we chose 10 SNPs
(designated as SNP I-1 to SNP I-10) from the SAP97
genomic interval and the 5' upstream regions based on the
following criteria: (1) minor allele frequencies >10%, (2)
inclusion of missense polymorphism (SNP 1-7), (3) the
allele frequencies in Japanese were reported, (4) successful
TagMan probe design and (5) an even as possible spacing
between the SNPs. Based on the results obtained from the
initial SNPs analysis, in the second, we genotyped nine
more polymorphisms (designated as SNP II-1 to SNP II-9).
Then, in the third, we further assayed four SNPs (desig-
nated as SNP ITI-1 to SNP III-4). Thus, we have examined
total 23 SNPs of the SAP97 gene (Table 1; Fig. 1).

For the individual SNP analysis, we used the TagMan
SNP Genotyping Assay method (Applied Biosystems,
Foster City, CA, USA). Allele-specific probes were labeled
with fluorescent dyes VIC and FAM, respectively. PCR
reaction was carried out in a total reaction volume of 5 pl
with the following amplification protocol: denaturation at
95°C for 10 min, followed by 40 cycles of denaturation at
92°C for 15 s, and annealing and extension at 60°C for
1 min. The genotype of each sample was attributed auto-
matically by measuring the allelic specific fluorescence on
the ABI 7900HT Sequence Detection System using SDS
v2.1 software (Applied Biosystems).

Statistical analysis

Statistical analysis was performed with the SNPAlyse
statistical software package (Dynacom, Yokohama, Japan,
http://www.dynacom.co.jp/). Deviation from predicted
Hardy-Weinberg equilibrium (HWE) was examined by chi-
square test. To compare allele and genotype frequencies
between schizophrenics and controls, chi-square test, and
Fisher’s exact test were performed. To measure linkage
disequilibrium (LD) between SNPs, D’ (normalized D) and
r* (squared correlation coefficient) values were calculated
from the haplotype frequencies using the expectation—

295~



SAP97 gene and schizophrenia

1357

Fig 1 Genomic structures and
positions of the SNPs analyzed
in the human SAP97 gene.
Exons are denoted by boxes,
with untranslated regions in
gray, translated regions in white
and domain coding regions in
black. The sizes of exons and
introns are shown. SNP single
nucleotide polymorphism

Table 1 SNPs in SAP97
genotyped in the present study

The rs numbers from dbSNP
database and location of each
SNP are shown

Intron(bp) 1182 708 13500 88089 32686

Exon(b 159 50132 167 165 99
xon(bp) 3 n- M2 s mid

LNSIINES

5
12 13 1-4 15 16
7 w2 13 14 IS 116 17 T8

L27

Intron(bp) 11843 6974 2453 1748 1543 SB70 10996 3326 10921 13876 S5IS5 4462 4365 7325 2464 894
Exon(bp) 54 SI 125 170 137 145 121 157 103 115 177 67 100 42 51

Intron(bp) 259 5277 8220 6847

Exon(bp) 102 173 110 92 179
I o
I-10
TGA
GK

SNP name rs number Location Amino acid change
SNP I-1(-2852G>A) rs338217 5' upstream region -)
SNP I-2(IVS3+6477T>C) rs382579 intron3 =)
SNP 1-3(1VS4+423954T>C) rs9843659 intron4 (=)
SNP I-4(1VS84455103G>T) 12122824 intron4 (-)
SNP 1-5(1VS4+-82369G>T) rs7650753 intron4 (-)
SNP I-6(1VS5+-25682C>G) rs6583200 intron5 (=)
SNP I-7(833C>T:Q278R) rs1949471 exonl0 Gin — Arg
SNP 1-8(1VS15+1842C>T) rs7616588 intronl5 =)
SNP I-9(1VS19+2398G>A) rs11710576 intron19 (-)
SNP I-10(1VS25+4092A>G) 1s7638423 intron25 (=)
SNP II-1(IVS4-+47221C>A) rs6805920 intron4 (-)
SNP 1I-2(1VS4+-51473A>G) 1s436564 intron4 -)
SNP I1-3(IVS4+-60069T>C) rs2044862 intrond (-)
SNP I1-4(IVS4+79751G>T) 9839886 intron4 (-)
SNP II-5(1VS4+-87770G>A) rs9868546 intrond ()
SNP II-6(IVS5-+9066A>G) 157628045 intron5 (-)
SNP II-7(IVS5+15363A>G) rs9857189 intron5 )
SNP II-8(IVS5+422687A>C) rs4916461 intron5 (=)
SNP II-9(IVS64-6922A>G) rs13323530 intron6 ()
SNP II-1(IVS4+4-46599C>T) rs338187 intrond (-)
SNP IN-2(IVS4+48364C>T) rs10489880 intrond (-)
SNP HI-3(IVS4+48649C>T) 154635680 intrond (=)
SNP 11-4(IVS4+-52518A>G) rs447337 intrond (-)

maximization algorithm. The haplotype block structures  Haplotype distributions were evaluated by the permutation
were evaluated with Haploview software version 3.32  test on the basis of 10,000 replications to obtain the
(Barrett et al. 2005). Haplotype blocks were generated by ~ empirical significance. Statistical significance was defined
the default algorithm taken from (Gabriel et al. 2002). at P < 0.05.
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Results

Association, haplotype and linkage disequilibrium
analyses of SNP 1

Genotype distribution of the SNPs showed no significant
deviations from the HWE in all of the 23 sites in the
controls (Table 2). In the schizophrenics, significant devi-
ations from the HWE were detected in the genotypic
distributions for SNP I-1 and 1-10. We observed genotypic
association between schizophrenia and SNP I-10 in co-
dominant model. Moreover SNP I-3, 14, I-5, I-6, I-8 and
I-10 displayed nominally significant associations with
schizophrenia in recessive model. However, no SNPs
showed association with the disease in dominant model
(Table 2).

SNP 1-2, SNP 1-3, SNP 1-4, and SNP I-8 showed allelic
associations with schizophrenia (Table 2), although dif-
ferences in the genotype and allele frequencies of these
SNPs did not reach the statistically significant levels fol-
lowing the Bonferroni’s multiple comparison test. We then
considered that these SNPs show nominally significant
associations. The minor allele frequencies for the two
variants, SNP I-7 and SNP 19, were found to be less than
13% in both groups. Therefore, we examined LD structures
among the eight residual SNPs (minor allele frequencies
>13%) (Table 3A). We found that the SNPs I-4, I-5, I-6,
and I-8 were in a strong LD with each other (D’ > 0.98 and
7 > 0.86; D'": normalized D; r: squared correlation coef-
ficient). The all regions of SNP I-1 to I-10 were shown to
be in a relatively strong LD (D' > 0.79 and 7 > 0.29).

We also carried out the haplotype analysis using the
entire10 SNPs and the 4 SNPs (SNP 14, 1-5, I-6, I-8),
which were in a robust LD. However, no significant dif-
ferences in the frequency of the two SNP sets were
observed between schizophrenics and controls (data not
shown). In the subsequent haplotype analysis performed by
implementing two-locus and three-locus sliding windows
spanning SNP I-1 to I-10, and SNP I-4-I-5 showed sig-
nificant association with schizophrenia (Table 4A).

Association, haplotype and linkage disequilibrium
analyses of SNP II and III

Because (1) the above results indicated that the allele fre-
quency of SNP I-4 and the haplotype frequency of SNP I-4-
1I-5 were significantly different between schizophrenia and
controls, (2) SNPs I-4, I-5 and I-6 were considered to be in
the same LD block, and (3) these SNPs regions of the
human SAP97 gene coincided with the sites where
the expression of rat SAP97 mRNAs was enhanced in
a splicing variant-specific manner when the animal
was administered with phencyclidine (our unpublished
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observation), we next picked up a second set of 9 SNPs
(designated as II-1 to 11-9) around these 3 SNPs (SNPs
1-4 ~ I-6) from the HapMap Project data base (Fig. I;
Table 1). Genotype distribution of all of the 9 SNPs, except
for SNP 1I-1 in schizophrenics, showed no deviations from
the HWE (Table 2). Genotype distribution of SNP II-1 and
SNP 1I-8 were significantly different between schizo-
phrenics and controls (Table 2). SNP 1I-1, II-3, and II-8
indicated the nominal allelic association with schizophre-
nia (Table 2).

In the two- and three-SNP-based haplotype analyses,
SNP II-5-11-6, SNP 1I-6-II-7 and SNP II-7-1I-8, and SNP
11-5-11-6-11-7 and SNP II-7-1I-8-II-9 displayed significant
global association with the disease (Table 4B). Then, we
examined LD structures between the second set of 9 vari-
ants, and found that SNP II-2 to II-7 were in a strong LD
(I > 0.98 and 7 > 0.87) (Table 3B).

As the SNP II-1 manifested a much greater statistical
significance in the association with schizophrenia than the
other variants and the SNPs I-4 and II-3 showed allelic
association, we genotyped a third set of 4 SNPs (which
were designated as SNPs ITI-1 to IIT-4) mapped around the
SNPs H-1 and I-4 based on the HapMap database (Fig. 1;
Table 1). Genotypic distribution of SNP -2 (P = 0.026)
was deviated from the HWE in schizophrenics, but not in
controls. The other SNPs showed no deviation from the
HWE in each group. By the analysis according to co-
dominant model, we observed the nominal genotypic
association between the SNP III-2 and schizophrenia, and
the SNP III-1 and III-2 exhibited the nominal allelic
association with the disease (Table 2). The additional
genotype analysis revealed that SNP II-1, II-2, 1I-3, II-4,
1I-8, III-1, I11-2, II-3, and III-4 exhibited nominally sig-
nificant associations with schizophrenia in recessive model
whereas no SNPs in the SNP II and III groups represented
association with the disease in dominant model (Table 2).

The calculated LD coefficients, D’ and r?, are shown in
Table 3B. Our evaluation of the haplotype block structures
for all of the 23 SNPs in the present Japanese samples by
using the Haploview version 3.32 software indicated that
the SAP97 gene consists of two or one haploblock in
schizophrenics and controls (Fig. 2), respectively.

Effects of gender on association and haplotype analyses
in schizophrenics and controls

Because distribution of gender was significantly different
between the schizophrenic and control groups (P = 0.023;
¥* test), we reexamined the association of SAP97 gene
polymorphisms with the risk of schizophrenia in each
gender separately. Genotype distributions of SNP I-3, 1-10,
II-1, 1I-8 and III-2 in recessive model and allele distribu-
tions of SNP 1-3, 1-10, 1I-1, 11-8 and IT1-2 significantly differ
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Table 4 Two- and three-SNP-
based haplotype analyses of

A. SNP I: First set of 10 SNPs; (SNPI-1~1-10)

SNP I and 11 in Japanese SNPI-1_ SNPI-2_ SNPI-3_ SNPI-4  SNPI-5 SNPL6  SNPI-7 _ SNPI-8_ SNPE9  SNPI-10
controls and schizophrenics [ 0.169 | | 0.14 [ | 0.129 |
2SNPs | 0.088 ] I 0.087 |
[ 0.103 ] | 0.054 |
0.045* ] 0127 |
i 0.307 0.15
] 0.176 0.09 1
SSNPs ] 0.106 0.102 |
] 0.123 | 0.166
B. SNP ii: Second set of 9 SNPs; SNPil-1~(1-9
SNPi-1  SNPH-2 SNPil-3 SNPli-4 SNPI-5 SNPI-6  SNPH-7  SNPII-8  SNPI-S
Results are the global P values | 0.064 | I 0.048" ]
evaluated by the permutation 25NPs | 0.105 | | 0.037* ]
test on the basis of 10,000 | 0.088 | I 0.047" ]
replications using SNPAlyse. 0.154 ! 0.059 1
Significant global P values are i 0.098 0.036"
shown as * (P < 0.05) 3SNPs 1 0.108 0.054 |
SNP single nucleotide 1 | 0.072 — i 0.049° ]

polymorphisms

Fig 2 Linkage disequilibrium of the SAP97 in Japanese. The number
in each box represents the D’ (x100), blank means D' = 1.
a Haplotype Block Pattern of Control Samples. Note that SAP97

in males, but not in females, between the schizophrenic and
control groups (Table 2). Genotype distribution of all 23
SNPs showed no significant deviations from the HWE in
each sex (data not shown).

The haplotype using the entire10 SNPs and the 4 SNPs
(SNP 1-4, 1-5, 1-6, 1-8) in the SNP I set showed no sig-
nificant association with schizophrenia in males and
female (data not shown). In the two- and three-SNP-based
haplotype analysis for all 23 SNPs, SNP III-2-1I-1, SNP
I-3-11-2, SNP II-5-11-6, SNP II-6-1I-7 and SNP II-7-II-8,
and SNP III-1-II-1-111-2, SNP II-2-111-4-1-4 and SNP II-5-
1I-6-11-7 displayed significant global association with
schizophrenia (Table 5A). SNP HI-1-II-1 and SNP III-1-
II-1-I11-2 were shown to be associated with the disease
only in males. However, in males and females, none of
the SNP HI-2-II-1, SNP II-3-II-2, SNP Ii-5-1I-6, SNP
I-6-1I-7, SNP II-7-1I-8, SNP II-2-IlI-4-I-4 and SNP

@_ Springer

gene consists of only one haplotype block. b Haplotype Block Pattern
of Schizophrenia. SAP97 gene consists of two haplotype blocks in
schizophrenia

II-5-11-6-I1-7 indicated significant association with the
disease (Table 5B).

Analysis of the alternative promoter or splicing
consensus sequences related to the SNPs

Using prediction algorithms, we examined whether any
of the schizophrenia-associated SNPs may influence the
alternative promoter or alternative splicing consensus
sequences. However, no possible consensus sites were
detected within these SNP positions.

Discussion

This is the first case-control study of the polymorphisms
of the SAP97 gene encoding a synaptic and ionotropic
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Table 5 Two- and three-SNP-based haplotype analyses of the 23 SNPs in SNP I, IT and III in Japanese controls and schizophrenics

A. Haprotypic associations between SAP97 SNPs sets and schizophrenia in total subjects

SNPE-1

SNPI-2  SNPI3  SNPHI-1  SNPil-1  SNPHI-2 SNPIIl3 SNPH-2  SNPHI4  SNPI4  SNPH3  SNPil4  SNP5  SNPIS  SNPIL6  SNPILZ  SNPIF8  SNPI6  SNPI9  SNPI-7  SNPI-8  SNPI-9  SNPI-10

I 0,162 1 0.184 I 0.046 |

I [XH 0.127 {

088 ] I vor2__ | [ 0.103

59 | [ 0.129 ]

o

25NPs

0.086 1 I 0.046" |

0.068

1 0.049°

0.054

0066 1 I

0.062 1

0.166 ]

5089 1

]

|
T 0072 | |
0.206 1

i
2
3

0.061 1

| 0.046" 1 I 0.045° |

I
0.063 | | 002 ]

B. Haprotypic associations between SAPS7 SNPs sets and schizophrenia in each gender group

associated haplotypes| male female
SNPII-1-H-1 0.0424* 0.2954
SNPII-3-{1-2 0.1421 0.3356
SNPU-5-i1-6 0.1738 0.3
SNPIl-6-lI-7 0.164 0.3042
SNPH-7-H-8 0.0733 0.5358
SNPII-1-1l-1-{11-2 0.0477* 0.2914
SNP1i-2-1l1-4-1-4 0.1165 0.391
SNPII-5-11-6-11-7 0.1608  0.3062

Results are the global P values evaluated by the permutation test on the basis of 10,000 replications using SNPAlyse. Significant global P values

are shown as * (P < 0.05)
SNP single nucleotide polymorphisms

glutamatereceptor-interacting scaffold protein in schizo-
phrenia, Here, we show a nominally significant association
of ten (genotype or allele frequency: co-dominant model)
of the selected 233 SNPs of the gene with schizophrenia in
the Japanese population. We further observe that schizo-
phrenic and control group have different frequencies in
eight from the 32 two- or three- SNP haplotypes. It should
be noted that significant genetic associations between
SAP97 and schizophrenia have been detected in males, but
not in females.

These associations could be solely due to the possible
population stratification. In fact, the values of the genotype
distributions of the SNPs I-1, I-10, II-1, and III-2 deviated
from the HWE estimation in the schizophrenic patients
while those of the all 23 SNPs agree with the expected
values from the HWE. However, the above possibility is
unlikely because the previous studies failed to detect the
significant associations of the nucleotide sequence poly-
morphisms in the genes for the peripheral benzodiazepine
receptor (Kurumaji et al. 2000) and tyrosine hydroxylase
(Kurumaji et al. 2001) with schizophrenia in the same
sample set as used in the present analysis.

The male-selective genetic associations between SAP97
gene and schizophrenia might be related to the observed
gender differences in the development and/or the risk of
schizophrenia (Leung and Chue 2000). For schizophrenia,
there are significant sex differences in the age of onset,
premorbid functioning, symptomatic characteristics, and
course of illness, which may have arisen from interplay
between sex hormones, neurodevelopmental and psycho-
social sex differences (Leung and Chue 2000). Yet the
genetic basis of sex differences in schizophrenia has not

been identified, several genes have been suggested to have
sex-specific associations with the disease (Shifman et al.
2002, Hennah et al. 2003). There is a large-scale genome-
wide association study that has demonstrated the replica-
tion of the sex-specific genetic association between reelin
and schizophrenia (Shifman et al. 2008). Because it cannot
be totally excluded that the sexually dimorphic effect of
SAP97 might be due to the differences between the number
of males and females which could influence the statistical
analyses of case-control study, further investigation on
larger number of subjects is needed to clarify the possible
gender-selective association (Leung and Chue 2000).

The fact that the SNPs having nominal association with
schizophrenia or included in the disorder-associated hapl-
otypes are found in the introns, but not in the functional
domains or motifs, seems to render their biological con-
sequences obscure. In these intron regions, bioinformatics
tools we used failed to reveal any consensus sequences that
may play a role in the alternative promoter usage or
alternative splicing.

The differences in the distribution patterns of the SNPs
between schizophrenic and control group might lead to the
aberrant expression and/or functions of the SAP97 gene in
schizophrenia through certain higher structural changes in
the gene besides the nucleotide sequence variations. The
assumed structural modification appears to be supported by
the distinct haploblock compositions between the two
groups (Fig. 2). Moreover, the reduction of the SAP97
protein have been observed selectively in the prefrontal
cortex of the postmortem schizophrenic brains (Toyooka
et al. 2002; Dracheva et al. 2005) whereas another post-
mortem study found no significant changes in the SAP97

@ Springer
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mRNA expression in the dorsolatreral prefrontal cortex
(Toyooka et al. 2002; Dracheva et al. 2005). The expres-
sional changes in the prefrontal SAP97 proteins could
be linked to the results that some of the schizophrenia-
associated SNPs are positioned in the vicinity of the
functional domain regions of the SAP97 gene including the
PDZ and L27 domains (Fig. 1).

The SAP97 protein has three PDZ domains by which the
various intracellular proteins associate with the membrane
molecules such as neurotransmitter receptors. The SAP97
PDZ domains have been reported to bind to the C-terminal
tail of the AMPA receptor subunit GluR1 (Cai et al. 2002;
Leonard et al. 1998) and the C-termini of NR2A and NR2B
NMDA receptor subunits (Bassand et al. 1999; Nietham-
mer et al. 1996). In the present study, we indicate that the
allelic, genotypic, and haplotypic associations between
schizophrenia and several SNPs located in the up-stream
region of the PDZ domain encoding regions (Fig. 1).

The N-terminal of the SAP97 protein contains a L27
domain that can function as an organization center of large
protein assemblies (Feng et al. 2004). The scaffold protein
shows a propensity for multimerization via its N-terminal
L27 domain, which has been demonstrated to be important
for the maintenance and control of the delivery, cell surface
expression and activities of the AMPA and NMDA gluta-
mate receptors (Nakagawa et al. 2004). Furthermore, the
activity-dependent regulation of the AMPA receptor is
suggested to be governed by the N-terminal L.27 domain in
the hippocampal slice culture (Schliiter et al. 2006). These
data buttress the crucial role of the SAP97 L27 domain in
the integration of the excitability of the glutamate synapse.
Interestingly, we found a significant association between
schizophrenia and SNP 1-2 of the SAP97 gene, located
between the exons 3 and 4 that encode L27 domain
(Fig. 1).

Yet the schizophrenia-associated SNPs situated near the
PDZ or L27 domain region are on the intervening
sequences and expected to be “silent” to date, it is possible
that the “silent” SNPs might affect the levels or final
conformation of the SAP97 mRNA and protein (Kimchi-
Sarfaty et al. 2007) including the structure of PDZ
domains. These plausible changes lead to abnormal AMPA
and NMDA receptor-mediated excitatory postsynaptic
currents.

The in vivo functional interactions of the SAP97 gene
with the NMDA receptor are also suggested by the
upregulating effects of the toxic or psychotomimetic doses
of the NMDA antagonists on the SAP97 mRNA expression
in the entorhinal cortex (Lindén et al. 2001) or neocortex
(our unpublished data), respectively, in the rats. These
upregulation have been proposed to link to the NMDA
antagonist-induced neurotoxicity and the abnormal behav-
ior as a model of schizophrenia.

@ Springer

In conclusion, the present findings provide the evidence
indicating that the SNP variation at the SAP97 gene may
have a sexually dimorphic effect of giving susceptibility to
schizophrenia. The potential deficits of the gene resulted
from the SAP97 variations could cause the distorted glu-
tamate neurotransmission inciuding the NMDA receptor
dysfunction that is presumed to be connected to the path-
ophysiology of schizophrenia (Javitt and Zukin 1991). To
elucidate the exact causative and pathophysiological roles
of the SAP97 gene in schizophrenia, further replication
studies are needed in independent and larger samples. The
effects of the SNP variations on the brain SAP97 expres-
sions and functions and their psychological consequences
are also required to be clarified.
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ARTICLE INFO ABSTRACT

Several psychiatric disorders are often precipitated or exacerbated by exposure to stressors. FG7142 (N-
methyl-B-carboline-3-carboxamide), a partial inverse agonist of benzodiazepine receptors, mimics the
physiological (an increased release in the adrenal steroid hormone) and neurochemical (an enhanced
neurotransmission of monoamines) changes induced by stressful stimuli.
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We examined the effects of FG7142 and immobilization stress on the gene expression of the mouse
neocortex in order to obtain a new insight into the molecular stress-responsive system.

The effect of FG7142 (20 mg/kg, i.p.) on the gene expression of the brain area was examined using a
DNA microarray method. The genes showing a significant change in expression were investigated in
further experiments using the quantitative RT-PCR method.

There was an increase in the mRNA of seven genes in the neocortex of mice 1 h after treatment with
FG7142. In addition, there was an increase in the mRNAs of five of the seven genes (Fos, Cyr61, Btg2,
Adamts1, and Gem) in the neocortex of mice exposed to the stress for 1 h.

The up-regulation of these five genes by both FG7142 and immobilization stress indicates that these
genes may be involved in the stress-responsive system. Dysfunctions of the system may be associated
with the pathophysiology of psychiatric disorders.

© 2008 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introeduction

Several psychiatric disorders, such as schizophrenia (Norman
and Malla, 1993) and mood disorders (Ellicott et al., 1990; Kendler
et al., 1999), are often precipitated or exacerbated by exposure to
the stress of life events. Stress has been applied as a model to study
changes in the brain function and structure to clarify the
pathophysiology of the psychiatric disorders (Moghaddam,
2002; Duman and Monteggia, 2006).

FG7142 (N-methyl-B-carboline-3-carboxamide) acts at the
benzodiazepine sites of the GABA, receptors as a partial inverse
agonist and allosterically inhibits the ability of GABA to bind and
activate the receptors, which can be blocked by a benzodiazepine
antagonist, e.g., flumazenil (Ro 15-1788) (Atack et al., 2005). This
compound produces anxiety in humans (Dorow et al,, 1983) and
rodents (Pellow and File, 1986; Rodgers et al.,, 1995) and mimics
some physiological and neurochemical responses to stress in
animals (Evans and Lowry, 2007), including an increase in adrenal
steroid hormones (Pellow and File, 1985; Mikkelsen et al., 2005). In

* Corresponding author. Tel.: +81 3 5803 5242; fax: +81 3 5803 0135.
E-mail address: 0724.psyc@tmd.ac.jp (A. Kurumaji).

the cerebral cortex of rodents, both FG7142 and stress, such as
foot-shock and restraint stress, similarly produce an increased
release of dopamine (Bradberry et al, 1991; Dazzi et al., 2003,
2004), noradrenaline (Nakane-et al, 1994), and glutamate
(Moghaddam, 1991; Karreman and Moghaddam, 1996). In
addition, FG7142 produces the selective activation of mesocortical
dopaminergic transmission as well as an impairment of the
working memory in monkeys and rodents (Tam and Roth, 1990;
Murphy et al., 1996a,b; Birnbaum et al,, 2004), and an increased
Fos-like immunoreactivity in the cortex of rats along with some
brain areas associated with neuronal circuits mediating stress
(Kurumaji et al., 2003; Singewald et al,, 2003), and wide-spread
reductions in the cortical metabolisms in monkeys (Takamatsu
et al, 2003). Consequently, FG7142 is considered a useful
pharmacological tool to investigate anxiety-related and stress-
related responses in experimental animais (Evans and Lowry,
2007).

The main purpose of the present study was the identification of
new candidate genes related to the stress response in the
neocortex. A microarray analysis was performed on the mouse
neocortex after FG7142 administration to screen for the candidate
genes. Seven candidate genes were identified as being up-
regulated by the drug. A quantitative RT-PCR method verified all
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