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Table 2

Secomi-set confirmation analysis of Marker3
Phenotype® Genotype” Allele®  Pvalue

) AIA AIG GIG MAF (3%) Genotype Allele

Makers SCZ 305 175 23 22.0 0.662 0.576

CON 271 154 15 209
* S( izoprema, € controls.
b

or allele, inor allele.
=minor allele frequency.

tion MarkerS to SCZ (P=0.0354; genotype, P=0.0122;
allele) (Table 1). However, atter correction for the type I
error rate by using program SNPSpD, conrected P-value
became 0.204 for genotype and 0.0702 for allele, respec-
tively (Table 2: effective number of independent loci,
57719, experiment-wide significance threshokd reguirved to
keep type 1 error vate at 0.05, 0.008662).

To confirm Marker5 association, we performed a second-
set analysis of MarkerS nsing an independent panel of

was no association SCZ to MarkerS (Table 2).

We included 8 power caleulation, and obfained more than
80% power to detect association when we set the genotype re-
lative risk at 1.36 vnder a mudtiplicative model of inheritance.

4. Discussion

Through two-stage association analysis, htSNPs in
TRAR4 were not found to be associated with SCZ in
Japanese patients. Our resulis indicate the great im-
portance of examining the possibility of false posi-
tives in genstic association avalysis. False positives
may be produced by population stratification. How-
ever, this might not be the case with our results, which
instead may have derived from inflation of the type 1
error rate due to multiple testing, since the Japanese
population is believed to be guite homogensous,

We also included a haplotypic analysis of MarkerS
and 6, which were relatively strong LD, using first-set
samples (SAS/Genetics). Again, we could find o sig-
nificant association (P=0.0734). This result also sup-
poits the possibility of a false positive for Markers.

The strategy adopted in this study was a powerful
one owing to the method of MSNP selection and two-
stage association analysis. Moreover, by performing a
mutation search with enough power to detect rars
polymorphistus, we could avoid overlooking associa-

ttons in accordance with the common disease-tare
variant hypothesis (Pritchard, 2001).

In conclusion, we could not replicate the associa-
tion of TRARY and SCZ using a Japauese population.
FPurther replication analysis using different population.

samples will be required for conclusive results.
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Abstract

On the basis of the gheamatergic dysfunction hypothesis of schizophrenia, we have been conducting a systematic study of
the association of ghitamate receptor genes with schizophrenia. Here we report association studies of schizophrenda with
polymorphisms in three kainate receptor genes: GRIK3, GRIK4 and GRIKS. We selected 16, 24 and 5 common single
nucleotide polymorphisms (SNPs) distributed in the entire gene regions of GRIKS (>240 kb), GRIK4 (>430 kb) and GRIKY
(>90 kb), respectively. We tested associations of the polymorphisms with schizophrenia asing 100 Japanese case-control pairs
(the Kyunshu set). We observed no significant “single marker” associations with the disease in any of the 45 SNPs tested except
for one (£53767092) in GRIK3 showing a nominal level of significance. The significant association, however, disappeared after
the application of the Bonferroni correction. We also observed significant haplotype associations in seven SNP pairs in GRIKS
and in four SNP pairs in GRIK4. None, however, ranained significant after Bonferroni correction. We also failed to replicate
the nominally significant haplotype associations in a second sample set, the Aichi set (106 cases and 100 controls). We conchude
that SNPs in the gene regions of GRIK3, GRIK4 or GRIKS do not play a major role in schizophrenia pathogenesis in fhe
Japanese population.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Schizophremia; Association sindy; Glutamate receptor; Kainate receptor gene; SNP; Linkage disequilibrium; Haplotype analysis
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1. Introduction

Reporis of psychotic symptoms induced by phen-
cychidine (PCP) have stumulated interest in the possi-
ble role of a glutamatergic dysfunction in the
pathogenesis of schizophrenia (Snyder, 1980; Javitt
and Zukm, 1991). We have been conducting a sys-
tematic study of associations of the ghitamate receptor
(GluR) gene family with schizophrenia (Joo et al,,
2001; Shibata et al., 2001, 2002; Tani et al., 2002:
Mdkmo et al., 2003; Fuit et al., 2003; Takaki et al.,
2004). We have selected a set of common single
nucleotide polymorphisms (SNPs) covering the entire
genomic region of the target gene. By examining their
allele frequencies and linkage disequilibria (LD), we
tested individual associations and haplotype associa-
fions of the SNPs with the disorder, We earlier

reported the absence of a significant association of

schizophrenia with two genes encoding low-affinity
kainate receptor subunits, GluRS and GluR6 (Shibata
etal, 2001, 2002). Here we report association studies
of genes encoding the remaining three members of the
kainate receplor subfamily, ie., GWR7, KAl and
KA2, with schizophrenia,

The GluR7 receptor gene GRIK3 is located on
chromosome 1p34-33, where a significant linkage
with schizophrenia has been reported (DeLisi et
al,, 2002). Significant changes of GluR7 expression
in schizophrenia have been reported in multiple
bram regions (Sokolov,
and Healy, 2000; Benes et al, 2001). The KAl
kainate receptor gene GRIKY is located on chromo-
some 119223, where the fourth strongest linkage
has been observed in a meta-analysis compiling 20
genome scans (Lewis et al, 2003). A significant
decrease of KAl mRNAs as well as of NMDARI
and GluRT mRNAs has been reported in the frontal
cortex of neuroleptic-free patients with schizophrenia
(Sokolov, 1998). The KA2 kainate receptor gene
GRIKS is located on chromosome 19q13.2, where
no linkage with schizophrenia has been previously
reported.  However, significant changes of KA2
expression in schizophrenia have been reported in
multiple brain regions (Porter et al., 1997; Thrahim et
al., 2000; Meador-Woodruff and Healy, 2000). These
lines of evidence suggest that GRIK3, GRIK4 and
GRIKS are strong candidates as susceptibility genes
for schizophrenia,

1998; Meador-Woodruff

In this report, we tested associations of schizophre-
nia with 16, 24 and 5 common SNPs selected from the
entire regions of GRIK3, GRIK4 and GRIKS, respec-
tively. To enhance the deteciion power of haplotype
association, the SNPs were placed depending on the
magnitude of linkage disequilibrium (I.D) in each
subregion. That is, the weaker the observed LD, the
more SNPs tested in the subregion. By testing haplo-
type associations in each subregion, we extensively
examined associations of the entire gene regions with
schizophrenia,

2. Methods
2.1. Subjects

Blood samples were obtained from unrelated Japa-
nese individuals whe provided written informed con-
sent, We studied 100 schizophrenia patients recruited
from hospitals in the Fukuoka and Oita areas (mean
age= 40 5 44/0 E‘und]e) <md 100 he'ilﬂw u)n'uola

44% Icmalc) (ﬂmw Kyushu su_}< Io e rdiuate 111(: ..1g—
nificance of findings in the Kyushu set, we used
another sample set, the Aichi set, which comprised
106 cases (mean age=39.4; 45.5% female) and 100
cases (mean age=34.4; 41.9% female) recruited from
the Aichi area, aboui 600 km east of Fukuoka. All
patients fulfilled the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV) criteria for schizo-
phrenia. This study was approv ed by the Ethics Com-
mittee of Kyushu University, Faculty of Mediciné and
by the Fujita Health University Bthics Commitice.
Genomic DNA was purified from leukocytes as pre-
viously described {Lahiti and Nurnberger, 1991),

2.2. SNP selection in the GRIK3, GRIKY and GRIKS
regions

We retrieved all the primary information on SNPs
from the public database, dbS (http:/fwww.ncbi.
nlm.nih.gov/SNP/) and a private database, Celera
Discovery Systemn (htfp://www.celeradiscoverysysten.
com). We examined their allele frequencies in 16
healthy Japanese samples by the direct sequencing
method as previously deseribed (Shibata et al,,
2002). When a tested SNP showed an insufficient
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polymorphism (< 10%), we selected anotlier SNP
close by the rare SNP and examined its allele fre-
quency in the same way. Also we analyzed LD
between the neighboring SNPs as described below,
As we intended to cover the entire region with
moderate-to-strong LD for haplotype association
tests, we selected additional SNPs in the subregions

showing very weak LD {1’ <0.3). For a direct test of

functional variants, we also examined the frequency
of all exonic SNPs available on the database and
included them in the association analyses if they
were common (>10%),

2.2.1. GRIK3

After the examination of 182 SNPs from the data-
base, we selected fhe following 16 common SNPs
distributed in the GRIK3 region spamming over
240 kb: SNPI, rsS551794; SNP 2, rs534131; SNP3,
18822856; SNP4, 1$3767100; SNPS, rs3753771; SNP6,
183767092; SNP7, 13767086, SNPS§, 15554445, SNP9Y,
1160751, SNP10. rs1334804; - SNP11, 183767067,
SNP12, 1s550250; SNP13, 13565537; SNP 14, 153767048;

i) A

11 SHPI4
SHP12 SNPIG SNRIS

SNP15, rs3767045; SNP16, 182993076. All SNPs are
located in noncoding regions except for one synon-
ymous SNP, SNP12 in exon 3 (Fig. 1a).

2.2.2. GRIKY

Since we found a discrepancy at the 3 ends in two
GenBank entries, XM_166179 and NM_014619 for
the GRIK4 ¢DNA sequences, we selected both exons
IA and 1B as potential alternative transcription initia-

tion sites, Afler the examination of 87 $NPs from the

database, we selected the following 24 common SNPs
distributed in the GRIK4 region spanning over 430
kb: SNPI1, rs2248404; SNP 2, s1317176; SNP3,
1s1317514; SNP4, rs1343789; SNP5, rs1893906;
SNP6, rs2000870; SNP7, rs2000868; SNP8,
151639664, SNP9, 152852227, SNP10, 1s3133226;
SNP11, 1s3133845; SNPI12, 1s2852230; SNPI13,
152846092; SNP14, 1s2846103; SNP13, 154359220,
SNPI6, 154936552, SNP17. 152004676, SNPIS,
183824978; SNP19, rs3802911; SNP29, rs2156637;
SNPZ1, 1s2156635; SNP22, rs2156634; SNP23,
1$2298725; SNP24, rs611065. SNP19, SNP22 and

121511

1 2 548 678910 11-13
14
)] SNPLD NP2
SNP4 SNPG  SKES;SNPIL  SNPM SNPI6  SNPIS SNP2
BNPL SNPE SHPFENPS 45 SNPIS  SNPIT (SNPI2 | SNPEX  SNRIS  SNPM

14 B

1) —

1+ 214 15912

34 % ¥ 8% w0n 2 13447 1819

P 1R -

Fig. 1. Genomic organizations of GRIK3, GRIKY and GRIKS, and locations of the SNPs. {a) GRIK3 spans over 233 kb aud is composed of 16
exons shown as boxes with exon numbers. Circles indicate the 16 common SNPs we analyzed. (b) GRIKY spans over 410 &b and is composed

of 19 exons shown as boxes with exon numbers. Circles indicate 4

¢ 24 common SNPs we analyzed. (¢) GRIKS spa

s over 67 kb and is

compased of 19 exons shown as boxes with exon numbers. Circles indicate the 3 commen SNPs we analyzed. Four exonic SNPs {(one in GRIK?
p ]

and three in GRIK4Y are indicated by filled circles.
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Table 1
PCR primers for genotyping of SNPs in GRIKI, 4. 5

Gene  SNP Primer sequence {§-37) Product size (bp) Annealing terop (C) Cyele mumber Typing method®
q i £ P Y ypmg

GRIK3 SNP1 Forward GGAAGGGAGCTGAAGGTIAGG 211 63 35 RFLP
18551794 Reverse CCTGTGCACGTGTTTTIGTTT (Bsp HO

SNP2 Forward GOCTGTGTCAGGGCAGAC 354 60 30 RELP
34131 Reverse CCCOATTCTACTGGGA T (Pst 1)
SNP3 Forward CCAGTGCCCAGAATCATATT 248 60 40 RFLP
158232856 Reverse GAAGGGCTGCAGTGAATGAC (v I

SNP4 Forward TCACCCTCGATGTAACCTTC 281 60 3s DS
r$3767100  Reverse TTGCTTTCTAGCCGAGTCCA
SNPS Forward AGGGAAGACACGGAACTCAC 330 60
3753771 Raverse ACACCTGGCATCAAGCATC
Forward CCTCTTCCCCTCTCTTOCTIT 291 60 40 RFLP
Reverse ACAAAGGCTCGGCAT (Al 1)
Forward CATGCACCTCACAATCAACC 186 &0 » 35 RFLP
3767086  Reverse AGCTGACCTGGGITCCTACA (Hae 1)
SNP8 Forward GAGCTCCTGCATCCTCAAAG 196 60 35 RFLP
r$5534445 Revarse CCAAGGAAAGCGAGTTCAAG Par 1)
SNP9 Farward GATCTCCATGCTGCCTTITTIC 386 55 35 DS
11160751 Reverse TCAAGTGTCCCATCAATTCG .
SNPIO Forward CCAGAACCATCCAACGAAGT 325 58 35 iy
131334804 Reverse ATCTCAGGCACAAAGGGTOT
SNP11 Forward CCAGTTGGGATGGTGGTG 2358 63 35 D8
13767067  Reverse ATTATGCACAGCCAGGAGGA
SNP12 Forward GAGGGTTCCAGTTGCTGTIT 288 60 35 ns
T rs550250 Reverse GCGTAGTCGOGOTAGAGGTT
SNP13 Forward AGAGATGCTGCCCTTCACAC 308 58 30 RELP
18565537 Raverse AACTGCCTTTCAACCAGGAG (Hha
SNP14 Forward ATAGCCTCCCTCTCCTCCAA 210 60 3 DS
183767048 Reverse GCACCCATGCATACACTCAC
SNPI3 Forward TCACTTCCTGACCCTGTCITC 196 55 40 DS
w3767045  Reverse CTCTOGOGCTTTGGCTGTT
SNP16 Forward CTCCCTTGAGGCGTGTITT 182 58 40 DS
132993076 Reverse AAGGACAGACCCCACATCCY
GRIK4 SNPI Forward CTGCAGTCTITICTGCTIGCAC 253 58 40 DS
182248404 Reverse GOAAGCGCTAGATAGGTCGY
SNP2 Forward TCAAAGAGGGTTCCAGGATG 252 S8 30 ns
151317176 Revarse AGCAGACATAGCCUTGCTGY
SNP3 Farward AGCTGACACACTCCCTCACC 184 35 35 DS
w1317514 Reverse GCAAGUGTATAGAGGGGAAA
SNP4 Forward GCCTCGITCCTTGACTGTGT 231 58 30 DS
rs134378%  Reverse GGGUTCACCAAGGTCAGTAY
SNP3 Forward CAGAGACCCTCTGAGGTTGG 393 58 30 DS
mI8Y3906  Reverse AATCACTTGAACCGOCAGAC .
SNP6 Forward GGAACCAGACTGCTCGGATA 381 58 30 s
152000870 Reverse CCCTAGACAAGGTIGGGGATT
SNP7 Forward CCTCTGAGACCTGCAGCAAT 247 63 30 DS
w2000868  Reverse CACCAGGCTGGAGCAGATAL
SNPS Forward GGCAAAGGAAGGUTCAATTC 363 58 30 D8
83133855 Reverse GCTATTGAAAGGCTGGGAGA
SNP9 Forward GGAGGCATCCATATTCAGGA 265 60 : 30 DS
53133855 Reverse TGGATTCTICCCTCCTTCCTY )
SNP1O Forward CAAGACAGCATTTTGGAGCA 283 58 30 D&
183133228 Reverse TCCTCTTGGGAACTGTGAGG

DS

tar
¥

W

i
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Table 1 {confinued)

43

CGene  SNP Primer sequence (5'-3") Product size (bp) Amnealing temp (°C)y Cycle number Typing method*
SNP11 Forward GCCCATGTCCTGAGTGAAAG 338 58 30 DS
153133845 Reverse CCTCATGACTGCITCCTTGC
SNPI2 Forward GACTCAGGOGACCCCAAGAA 242 58 30 DS
rs2852230  Reverse ACCAGCCAGGAAAACATGAC
SNP13 Forward TGAGGGTGCTGCTCTAACAA 233 58 30 DS
152846092  Reverse TCATTGOGATGGCCTCTATC
SNP14 Forward AGTTGCAACCTTGQCTCACT 352 63 ] D8
52846103 Reverse CTTCCAGAGACCACCCTCAC
SNP1S Forward CTCCTGACCTCATGATCTGC 267 65 40 DS
184359220 Reverse AGAGATCACGTGCTGCTGAC
SNP16 Forward CYGGGCTATCCCTGCCTAGA 345 63 30 DS
154936552 Reverse ACAGACTTIGGGTTTGCATCC
SNP17 Forward GATOGGGGAATGATGCTGITC 245 69 30 DS
152004676 Reverse ATTCAGTOGGACGAGACAGG
SNP1S Forward ATCCACAAGGCTGTCCATTC 317 58 30 Dps
153824978 Reverse CCACTAGGCACATGGCTTTT
SNP19 Forward TICTCCTACTCCAGGCCAAG 322 38 30 DS
13802911 Reverse TTACCTGCCGAAAACCATTC
SNP2O Forward CCTGGGCTGAAATGATTGAT 222 58 30 DS
182156637 Reverse TTTCCTGAACACCCGACAAT
SNP2I Forward AGCCTGGCTGAGTCCACTT 220 58 30 DS
32156635  Reverse GOACAGGCAGACAAAGAAGG
SNP22 Forward CACCCCAAAGTAGCCCATTA 247 63 30 DS
182156634 Reverse ATCTCTGCCAGCTCCTTGAG
SNP23 Forward GACAGGGAAGGGAAGAGGAG 238 65 30 DS
52298725 - Reverse ACCCACAGAAATGGGAACTG
SNP24 Forward TTGCCAGCCAGCTCTICTTAT 246 58 30 DS
5611065 Reéverse GGAGGGCCACAAATGAGTCT

GRIKS SNP1 Forward GOAGGAGGGGAAGGATATGA 261 R 30 DS
51056995 Reverse CCTTTCCCACTCAGAGACCA :

SNPLS Forward CAGAGCCAGAAGTGGUAGAC 233 58 30 D8
hCV1854167 Reverse CAGTGTCTCCTICCCCATCAC

SNP2 Forward TGTACTCCGAGCITCCCAAG 330 60 30 D§
4803523 Reverse GAACACTGGAGGAGGAGCTG

§NP4 Forward TGGTCTGAACAATGGGGAAT 229 58 30 DS
138099939 . Reverse CGAGTGGAGTTGCTGTCAGA .

SNP5 Forward CTICTGCAGCAAAGGAGGTT 186 60 30 DS
4803520 Reverse GCCAAGGTGTCAAGAGAAGG

* RFLP: restriction fragment length polymorphism; DS: direct sequencing.

SNP23 are synonymous SNPs located within exons 9,
11 and 13, respectively. The other 19 SNPs are located
in noncoding regions (Fig. 1b).

2.23. GRIKS

Afier the examination of 46 SNPs from the data-
base, we selected the followmg five common SNPs
distributed in the GRIKS region spanning over 90 kb:
SNP1, 131056993, SNP 2, hCV1854167; SNP3,
1s4803523; SNP4, 158099939; SNP5, 14803520, All
SNPs are located in noncoding regions (Fig. le).

2.3. Genotyping of case—control pairs

All genotypes were determined either by direct
sequencing or by polymerase chain reaction/restriction
fragment length polymorphism (PCR-RFLP) as pre-

- viously described (Shibata et al., 2001). Table 1 shows

the nucleotide sequences of each primer, PCR condi-
tions and genotyping methods for the 45 SNPs in the
three gene regions. The raw data of divect sequencing
were compiled on PolyPhred (Nickerson st al., 1997).
The overall exror rate was < 1%, estimated by compar-
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Table 2
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Genotype and allele frequencies of SNPs in GRIKZ, GRIK4, and GRIKS

Polymorphism

Genotype count

P Allele frequency (

24

) i

a. GRIK3

SNPI
Cages
Controls

Case

Controls

4

Cases
Controls
11
Cases
Controls
SNPI2
Cages
Controls
SNPI3
Cases
Controls
SNP14
Cases
Controfs
SNP13
Cases
Controls
SNPL6
Cases
Controls

b. GRIK4

SNPi
Cases
Controls

AA

12
19
GG
‘:,7 il
30
e

8
AA
79
79
CC

ce
84
81
CC

66
76
GG
86
S4
CC

2
3

St

AA
6

AT
2
21

a4z
44

T

[N
NN
[}

2o
S0 La

¥ o Wk
g

o
RV A O )

S B
<
&

L

14
CT
49

37

Al
40
42

7
76
79
GG
19
Y
CC

0

86

GG
43
28
T

GG
46
36
GG

TT

76

GG

(o2
Jea

k=)
—t

0.3344 133
0.8953 ;‘)
0.1116 87
.4108 7.5

0.4940 8.3

0.0615 348
455
G

(0.4408 88
0.1204
0.6886 88
=0.9999 13
0.8509 9 ts

o0

»0.9999 9
9.5

0.4608 I
1

in in

0.3496 &1

o~
[
o
w2

(.65

(3.1949 63.5

(.9002 26
2

86.5 04420

3
41 0.6828

3 0.7606

92.5 0.3004

91.5 0.3227
&8
G

0.0319

12 09999
68.5 0.0610
12 08756

87 0.8800
38

85 0.7304
10

91 >(.9999
90.5

&

86.5 0.65035
&85

G

19 0.1331

7 05809

74 (0.7356
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Polyuiorphism

Genotype count

P

Allele frequency (%)

Pb

b. GRING (continued)
SNP2

Cases

Controls
SNP3

Cases

Controls

Cases
Conivols
SNP35
Cases
Controls
SNP6
Cases
Controls
SNP7
Cases

Conirols
SNPY
Cases
Controls
SNP1O
Cases
Controls
SNPI1
Cases
Controls
SNP12
Conirols
SNPIL3

SNP14
Cases
Comtrols

SNP15
Cases
Controls

SNP16
Conirols

SNP17
Cases
Controls

SNP18
Cases
Controls

SNP19
Cases
Controls

AA
5

4
AA
34
37
C
16

]

AA

e
16
19
cC
15
16
cC
39
39
AA
61
61
CC
2
32
AA
el
25
CC
27
23
{'\{&
16

ce

AA
65
72
AA
31
4
e
25
25
AA
12
8
cC
6

17

AG
31
30
AG
51
50
oY
48
52
AG
42
41
CG
30
CT
43
48
T
40
39
AC
32
31
cr

43

48
CG
52
44
AG
49
51
Cr
35
27
AG
33
28
AT
49

CT
48
46
AG
38
49
CT
58
59

GG
64
66
GG
s
13
EN)
36
36
GG
33
53
GG

GG

GG

GG
50
43

16
24

0.9081
0.8535
0.7434
t>»‘()..‘)99‘)
0.3552
0.6967
>0.9999
0.9750
0.8091
0.6404

0.1749

0.2821
0.6619

(.9326

0.1949

A
20.5

19

39.5

Uy

Py
?\, LJt
W

73.5

62.5
36

63.5

60

41
41.5

23
235

44.5
45,5
3
47
51
G
47
55
G
59.5
65.5

78.5
81.5
G

18.5

14

44.5
49

51
52
G
69
67.5

|5
s n _l
W

0.8018
0.6822
(.8848

>(1.9999

0.5371
»0.9999
»(.9999

0.9200

0.4839

0.1334

(.2359

>0.53‘21

02782

0.4228

0.9203
“0.8300

0.1094
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Table 2 (confinmed)

Polymorphism Genotype count P? Allele frequency (%) Pe
b. GRIKY {continmed)
SNP20O AA AG GG A G
Cases 23 50 27 0.7837 48 5 ().9999,
Comtrols 25 45 30 415 2.3
SNP21 [ CG GG [& G
Cases st 45 4 0.1180 73.3 265 0.6454
Connols 60 32 8 76 24
SNP22 AA A GG A G
Cases 82 16 0.8848 90 10 0.7304
Controls 84 15 i 91.5 8.5
SNP23 CC CT T C T
Cages 57 33 3 0.1991 4.5 255 0.1237
Caontrols 44 46 10 67 33
SNP24 AA AC CC A C
Cases 45 36 19 0.4286 63 37 ©0.6014
Controls 45 42 13 a6 34
o. GGRIKS
SNPI CC T TT C T
Cases 79 19 2 07110 88.5 115 0.5491
Controls s 22 3 86 14
SNP2 [ cG o GG [ 3
Cases 10 37 3 0.7536 2835 715 0.8233
Controls 7 40 33 27 73
SNP3 e CT 1T C T
Cases 61 31 ' & 0.3425 765 23.5 {.3943
Controls 64 33 3 80.5 19.5
SNP4 GG a1 T G T
Cases 39 4] 20 0.9652 59.5 40.5 >0.9999
38 43 19 595 40.5 :
AA Al - GG A G
0 15 85 0.6796 7.5 92.5 >0.9999
Controls 1 12 &7 7 93

A significant £ value is underlined.

* Fisher’s exact probability. tests, case vs. control (2 X 3, wwo-tailed).
b Pisher’s exact probability tests, case vs. contral {2 X 2. two-tailed).

ing the same samples genotyped by two different per-
sons using direct sequencing and RFLP, respectively
(data not shown).

2.4. Statistics

To control genotyping errors, Hardy--Weinbery
equilibrium was checked in controls by the two-tailed
¥ test {df="1). Statistical differences in genotype and
allele frequencies between schizophrenic and control
subjects were evaluated with Fisher’s exact probability
test (23 and 2 X2, respectively). The normalized
linkage disequilibrium statistic D' was caloulated
using haplotype frequencies estimated by the EH

program, version 1.14 (Xie and O, 1993), Statistical
analysis for the haplotype association was done by the
two-tailed ¥ test (df=3) according to Sharm (1998). We
excluded combinations of SNPs showing very weak
LD (1Y <0.3) from the haplotype analyses. The signif-
icance level for all statistical tests was 0.05. We applied
the Bonferroni correction for all multiple tests.

3. Resuilts
3.1. Single marker association analysis

We determined genotype and allele frequencies of
the total 45 common SNPs in the three gene regions,
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ie., GRIK3, GRIK4 and GRIKS (Table 2). The average
allele frequencies of the SNPs ave 0.18, 0.35 and 0.22,
respectively. Given the egquivalent frequency for the
susceptible allele, the expected detection powers for
GRIK3, GRIK4 and GRIKS are 0.70 to 0.84, 0.84 (o
0.94, and 0.75 to 0.89, respectively, under the multi-
plicative model with genotype relative risk=1.8 to 2.0

{Ohashi and Tokunaga, 2001). Genotype frequenciesof

any of the 45 SNPs in controls did not show significant
deviations from Hardy-Weinberg equiltibrium (data not
shown). Only the allele frequency of SNP6 in GRIK3
showed a significant association with disease staius
(P=0.0319, Fisher’s exact probability test). The nom-
inal significance of the finding, however, did not sur-
vive the Bonferroni correction (n=16). We also failed
to replicate the significance in the Aichi set {(P=0.686,
Fisher’s exact probability test, data not shown).

3.2. Pairwise LD analysis

LD around common alleles can be measured with a-

modest sample size of 40-50 individuals to a precision

(b) GRIK4

(2) GRIK3

50 kb 125 Kb

within 10%-20% of the asymptotic limit (Reich et al,,
2001). To evaluate the magnitude of LD, we calculated
LY from the haplotype frequencies estimated by the EH
program for alf possible paits of the tested SNPs within
each gene region. Fig. 2 shows LD patterns within each
gene region visualized by the GOLD program (Abeca-
sis and Cookson, 2000). There was no essential differ-
ence in LD patterns in any of the genes between cases
and controls. Since we selected more SNPs in low-LD
subregions, we were able to localize several small
subregions where LD drops abruptly. In the GRIK3
region, we found one such LD gap between SNP14
and SNP15 (104 kb, IV =0.0166). In the GRIK4

rtegion, we found three gaps: SNP9-SNP10 (2.9 kb,

D =0.2023), SNP14-SNP15 (6.7 kb, I)' = 0.091), and
SNP20-SNP21 (0.9 kb, D'=0.1800). No clear LD
gaps were observed in the GRIKS region,

3.3. Hoplowpe association analysis

- We intended to test haplotype associations with

schizophrenia for all possible pairs of SNPs where

D
>09

0.38-09
0.7-0.8
0.6-0.7
05-0.6
04-05
0304
0.2-0.3
0.1-02
<0.1

(¢) GRIKS

1
'n YT
YL LA w
roSd Yy YT
RN O RBO

TINS +—

CANS 4
TIdNS ~
£TANS -
PLINS —+

TANS —

PIING -
S1ANS -

250 kb 10kt SOkb
. §
THET b . { U I—
I OE == ST =85 5§ 33
o bvirawy N [ -t P IOV
= DT = (e R ] 3

Fig. 2. LI} patiems in the three gese regions of GRIK3 (), GRIK4 (b} and GRIKS (c}. The magnitude of LD (1)} was visualized by the GOLD
program {Abecasis and Cookson, 2000). The composiie LD patterns it cases (upper diagonal) aud in controls (lower diagonal) were drawn as

squares in scale,
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LD was maintained. To avoid the inflation of the
number of statistical tests, we excluded 32, 141 and
1 SNP pairs from further analyses of GRIK3, GRIK4
and GRIKS, respectively, because of very weak LD
(£ <0.3} in both cases and controls, Out of a possible
120 pairs, we analyzed 88 pairs of SNPs showing
moderate to strong LD in GRIK3. The following
seven pairs showed significant haplotype assaciations

: P14 (P=0.0391, df=3, 3*
NP6 (P=0.0402, df=3, y* test), SNP3--

SNP6 (P=0.0166, df=3, z° test), SNP4-SNPG ( P=
0.0338, df=3, x? test), SNP5-SNP6 (P=0.0196,

~SNP14 (P=0.0056, df=3, ¥*
test), and SNP8-SNP15 (P=0.0064, df=3, y* test)
(Table 3a). However, none of the significant associa-
tions survived Bonferroni corrections (n=88). We

also tested the most significant pair (SNP8-SNP14
of GRIK3) in the Aichi set, which failed to replicate

shown). We analyzed 90 pairs of SNPs out of 231
possible pairs in GRIKY. The following four pairs
showed significant haplotype associations with the

(P=0.0460, df=3, ¥* test) (Table 3b). Again none of

the significant associations survived the Bounferroni
cotrection {n=90). We also tested the most significant

Table 3a

H. Shibata ef ol. 7 Psychiairy Research 141 {2006} 39-51

pair (SNP3-8NP4 of GRIK4) in the Aicht set, which

SNPs out of a possible 10 pairs in GRIKS. None of
them showed significant haplotype associations with.
the disease (Table 3c).

4, Discassion

Our general approach to the testing of haplotype
associations is based on haplotyping neighboring
SNPs that are in moderate LD. We first genotyped
both cases and controls for the SNPs evenly spaced.
When insufticient LI was observed in the neighbor-
ing SNP pair (1 <(.3), additional SNPs were selected
for genotyping within the LD gap, In other words, the
candidate gene region is divided into multiple subre-
gions where moderate LD is observed. Instead of
haplotyping the entire gene region with many SNPs
at once, we examined sach subregion by haplotyping
SNPs within the subregion so that we extensively
tested the association of the entire gene with the
disease (Shibata et al, 2002; Takaki ot al, 2004).
Through the SNP validation and LD analysis process,
we selected 16, 24 and 3 common SNPs in the regions
of GRIK3, GRIK4 and GRIKS (Fig. 1). The average
intervals of the SNPs were 16.1, 18.8 and 22.8 kb,

Pairwise haplotype association of SNPs in GRIK3 with schizophrenia

SNPT  SNP2  SNP3 SNP3  SNPG  SNP7 SNP8  SNP9  SNPIO SNPI1 SNPIZ- SNPI3 SNPI4 SNPIS
(1.840 -
0216 0.339
0451 -~ 0.602
0.552 048 - 0.687
(0.121 0.017 0.034 - 0.020
0.632 0.849 - 0.166
S 0.192 0.071 0076 - 0.200
SNPY  0.787 0.948 - 0.061  0.598 0.255
SNPIO  0.641 0710 0227 0.255 G.978 0245 0939
SNPI1 0.792 0.932 0306 - 0.342 - 0964 0.084 0.835 0753
12 0433 -~ 0.457 0581 0.61% 0.066 0.998 0004 0944 0914 0U73
NPI3 0134 0494 01200 0.457 0472 0.070 0932 0239 . 0.214 0225
NP4 0.039 - 0268 0277 - 0334 0006 0339 0335 0279 0 (1.362
NPIS 0437 0854 0593 0407 0266 0506 0.006 - 0.696 -
SNPI6  0.124 0.070 -~ - e e 0216 0560 0423 0.606 0.577

P value

s by the two-tatled ¥ tost fo two-way haplotype association {df3),
SNP showing insufficient LD (¥ <0.3) were not tested {denoted as “-").

Significans P values are underlined.
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Table 3¢

Pairwise haplotype association of SNPs in GRIKS with schizophrenia
SNP1 SNP2 SNP3 SNP4
0.896
0.739 0.619
0479 0.407 0.479
0.724 - 0.577 0.999

P values by the two-tailed ¥*  test for two-way haplotype associa-
tion. {df=3).

SNP-pairs showing insufficient LD (D' <0.3) were not tested
{denoted as “->).

respectively. Although we observed a nominal signifi-
cance in the allele frequencies of SNP6 in GRIK3
(P=0.0319, Fisher's exact probability test), there
was no significant association observed in any of
the other SNPs tested (Table 2). The significance of
SNP6 in GRIK3 was lost when we appled the Bon-
ferroni correction {(n=16), We also failed to replicate
the significance in our second sample set, the Aichi
set (£ =0.686, Fisher’s exact probability test), There-
fore, we conchluded that there is uo common SNP
showing a “single marker” association with schizo-
phrenia in the 45 common SNPs of the three gene
regions. We also sxamined an exonic SNP in GRIK3,
156691840, for which a significant association with
schizophrenia has been reported in the Italian popula-
tion (Begni et al, 2002). Although we examined an
equivalent sample size (100 cases and 100 controls) as
in the study by Begni et al. (2002) (99 cases and 116
controls), the SNP was very rare (MAF=0.02) in our
controls and completely monomorphic in our cases,
indicating fhat thers is no detectable association of the
SNP with schizophrenia in the Japanese population.
As we examined all of the exonic SNPs available on
the database, there were no common exonic SNPs left
untested for the association with the disease.

Seven pairs of SNPs in GRIK3 and four pairs of
SNPs in GRIK4 showed significant haplotype asso-
ciations with schizophrenia (P=0.0007, df=3, x*
test; see Tables 3a and b). However, none of them
remained significant after Bonferroni correction. In
addition, we failed to replicate the most significant

df=3, ¥* test) and SNP3-SNP4 of GRIK4 (P=0.155,
df=3, ;(2 test) in our second sample set, the Aichi set.
We conclude that there is no significant haplotype

association in any of the three regions, GRIK3,
GRIK4 and GRIKS. ’

We analyzed pairwise LD within each gene region
{Fig. 2a~c). 'We observed no essential difference in
LD patterns between cases and controls in any of the.
gene regions. Although we sampled SNPs more den-
sely in weak LD subregions, we still observed four
LD gaps. In the GRIK3 region, one such subregion
was found between SNP14 and SNP15 (10.4 kb,
D' =0017) whete two exons, exon § and exon 9 as
well as the entire intwon 8, are located. Although we
examined all other SNPs reported on the database
within this subrégion, none showed a high enough
frequency for statigtical testing (> 10%). Therefore, we
could not analyze this subregion any firther In the
GRIK4 region, we found three gaps: SNP9-SNP10
(2.9 kb, I’=0202), SNP14-8NP15 (6.7 kb,

The fust two gubregions are located within intron 1.
The third subregion is located within intron 10
Although we tested all SNPs within the subregions
reported on the database, none showed sufficient
polymorphisms for statistical testing (> 10%). There-
fore, we could not study these potential hot spots for
recombination any further.

The remaining regions, which are the vast majority
of the three genes, were successfully covered by LD
as we intended. Assuming that no common SNPs
were left untested in the LD gaps, those might have
escaped from our haplotype analyses, there is no
conmmon variant of the three kainate receptor genes
that is siginificantly associated with schizophrenia, We
conclude that the three kainate receptor genes,
GRIK3, GRIK4 and GRIKS, do not play a major
role in schizophrenia pathogenesis in Japanese.
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ABSTRACT

Psychostimulant use disorder and schizophrenia have a substantial genetic
basis. Evidence from human and animal studies on the involvement of the y-
aminobutyric acid (GABA) system in methamphetamine (METH) use disorder

“and schizophrenia is mounting. As we tested for the association of the human

GABA, receptor gamma 2 subunit gene (GABRG2) with each diagnostic
group, we used a case-control design with a set of 178 subjects with METH
use disorder, 288 schizophrenics and 288 controls. First, we screened 96
controls and identified six SNPs in GABRG2, three of whom we newly
reported. Next, we selected two SNPs, 315C>T and 1128 99C>A, as
representatives of the linkage disequilibrium blocks for further case—control
association analysis. Afthough no associations were found in either allelic or
genotypic frequencies, we detected a haplotypic association in GABRG2 with
METH use disorder, but not with schizophrenia. This finding partly replicates
a recent case-control study of GABRG2 in METH use disorder, and thus
indicates that GABRG2 may be one of the susceptibility genes of METH use
disorder.

The Pharmacogenomics journal (2005) 5, 89-95. doi:10.1038/s).1p.6500292

Keywords: GABA, 72 subunit gene; methamphetamine; substance use disorder;
polymorphism; haplotype; schizophrenia

INTRODUCTION
In recent years there has been a pronounced increase in use of psychostimulants
involving methamphetamine (METH)." Lifetime prevalence of psychostimulant
use in some developed countries is found in 1-3% of the adult population,? and
psychostimulant use in any form may lead to abuse or dependence with
physiological, psychological and behavioral component.® Findings from family
and twin studies suggest that the genetic contribution is important for the
development of psychostimulant use disorders. Heritability estimates from a
population-based twin study for METH use disorder are substantial®*® for
example, 66% for psychostimulant abuse.®

The dopamine system is a prime candidate for genetic influence on drug abuse,
particularly METH abuse, because it is thought to be involved in the reward and
reinforcing mechanism in the meso-cortico-limbic system in the nucleus
accumbens.” Moreover, the primary site of biological activity of METH is the
dopamine transporter in this system.
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Instead, a role for the y-aminobutyric acid (GABA) system
in drug abuse is also suggested in accumulating evidence,
First, the irreversible GABA-transaminase inhibitor, y-vinyl
GABA, attenuates such increase of the dopamine release in
the nucleus accumbens following acute administration of
MITH.® Second, QTL mapping for acute alcohol withdrawal
sevetity suggests that a polymorphism. in the GABA4
receptor y2 subunit gene in mice is genetically correlated
with this phenotype.® A third line of evidence involves
several case-control association studies, suggesting that the
human GABA, receptor v2 subunit gene (GABRG2) is
marginally associated with METH ase disorder,’® and is
also associated with alcoholism comorbid with antisocial
personality disorder,’! although there are conflicting
results.’?*3 Therefore, it is possible that GABRGZ affects
vulnerability to substance use disorder, including METH use
disorder.

On the other hand, a number of post-mortem studies have
reported an altered GABA neurotransmission in schizophre-
nia. These studies reported that release and uptake of GABA
al synaptic terminals were reduced in schizophrenic cor-
tex'¥'¢ and that the activity of glutamic acid decarboxylase
(GAD), the synthesizing enzyme for GABA, GAD mRNA
expression, and the density of GABAergic interneurons,
were reduced in the prefrontal cortex (PFC) of schizophre-
. nics.*” 20 Although there was reportedly no significant
change in overall mRNA levels for GABA, receptor sub-
units,’? expression of the alternately spliced short isoform of
GABA, receptor ¥2 subunit, ¥2S, was markedly reduced in
the PEC of schizophrenics.”* The relative over-representa-
tion of the y2L subunit, which possesses an additional
phosphorylation site within the eight amino acids inserted,
should result in a functionally less active form of the
receptor,?>%* and this defective GABAergic system may be
involved in the development of schizophrenia. The evi-
dence of linkage analysls from multiple genome scans of
schizophrenia within 5¢31-34 where GABRG2 locates also
support the involvement of this gene in the development of
schizophrenia.*%7

Here, we explored the possible contributions of GABRGZ
in both METH use disorder and schizophrenia. We systemi-
cally searched all exons and the intronic branch sites of
GABRG2 for polymorphisms, and examined haplotype-
based case-conirol association analysis with both METH
use disorder and schizophrenia.

RESULTS
Qur screening of 96 controls in all exons and the flanking
intronic splice sites of GABRG2 revealed six SNPs, which
were  designated  ‘Asn79Ser’,  ‘315C>7T',  ‘588T>(,
922+ 20G> A", ‘1129-1482A> (', and ‘1230C>T'. Minor
allele frequencies and a schematic graph of these SNPs are
presented in Table 1 and Figure 1, respectively, Of all
identified SNPs, 315C>T, 588T>C (1s211037) and
922+ 20G > A have been reported elsewhere.

To evaluate the linkage disequilibrium (LD) in the 96
screencd samples using several widely used measures (I, Az
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Table 1 SNPs in GABRG2 and minor allele frequencies

SNP SNP position Minor allele Reference
frequency

107+740C>T Intron 1 0.302 rs2268583

Asn795er Exon 2 0.005

315C>T Exon 3 0.300

588T>C Exon 5 0.480 15211037

922+20G>A Intron 7 0.020

923-466C>T Intron 7 0.480 152284780

1128+99C>A Intron 8 0.480 BamHl C>A

1129-1482A>T Intron 8 0.236

1230C>T Exon 9 0.005

and P-value), we genotyped five SNPs in GABRG2 (two SNPs
(315C>T, 588T>C) of identified SNPs, two SNPs
(rs2268583, 152284780) from the dbSNP database, and one
SNP (1128 +99C > A) reported as BamHI RELP previously™*).
These SNPs were selected because they showed sufficient
heterozygosity (a frequency of minor allele>0.1) to detect a
small effect of a susceptibility gene presumed to underlie
complex disorders, and they were distributed almost evenly
on the entire exonic regions of the gene (Figure 1).

Estimation of LD between each pairwise SNP is presented
in Table 2. These results show that the first three and the last
two consecutive SNPs were in complete or nearly complete
LD with each other Therefore, we selected two SNPs
(315C>T and 1128-+99C>A) as representatives of these
nearly complete LD regions for further case-control associa-
tion analysis. '

In addition to screened 96 samples, we genotyped 178
subjects with METH use disorder, 288 schizophrenics, and
288 controls in all. Two representative SNPs were in
moderate LD with each other in METH wuse disorder

each population are summarized in Table 3. The genotypic
distributions of each SNP did not significantly deviate from
the Hardy-Weinberg equilibrium in either METH use

SNP did not differ significantly between each diagnostic
group and controls in both allele and genotype frequencies
(Table 3).

The distributions of haplotypic frequencies estimated
using the expectation-maximization algorithm implemen-
ted in the Arlequin 2.0 significantly differed between METH

there was no significant difference in haplotypic distribu-
tions between schizophrenic and control subjects (P=0.356,
Table 4). From examining at-risk haplotypes predisposed to
METH use disorder, only two haplotypes, T-C and T-A
(defined by 315C>T 1128 -+99C = A), were found to confer
the significant susceptibility to this disorder. By applying the
Bonferroni correction, this finding becomes nonsignificant

—273—



(152268583}

exonl

P

5C

31
Asn798er
107+740 C>T [

Association GABRG2 haplotype to methamphetamine use disorder

T Nishiyama et of

@

>T
588T>C
(xa211087)

1128+99C>A
(Bam HIC>A)

. 923-466C>T

(rs2284780)

922+20G>A

| g

8

1129-1482A>T

alternately
splicing exon

1230C>T
}

B
PR

0.8kb

26.7kb 5.7kb

474kb

b,
4

B
120 ]

0.8kb  4.0lb

v ©

91

Figure 1 Schematic presentation of identified and reported GABRG2 SNPs. Solid box represents exons. The SNPs in bold type were used

to evaluate LD structure.

Table 2 Pairwise linkage disequ

ilibrium in controls

o
A4?
152268583 315C>T 588T>C 152284780 1128+99C> A
P-value 152268583 1.000 0.926 0.376 0.376
0.976 0.457 0.058 0.058
35C>T <1.0%x10™? 0.962 0.608 0.608
0.482 0.141 0.141
588T>C <1.0x 107 <1.0x107% 0.643 0.643
0.315 0.315
52284780 0.002 0.0002 <1.0x10"* 1.000
1.000
1128+99C>A 0.002 0.0602 <1.0x10"3 <1.0x 1073

Table3 Genotypic and allelic distributions of the GABRG2 SNPs in patients with METH use disorder and schizophrenia vs controls

SNP Sample n Genotype Rarer ollele P-value
cC cr T T Genotype Allele
315C>T METH 178 87 (49%;) 75 (42%) 16 (9%) 107 (30%) 0.374 0174
SCZ 288 151 (52%) 116 (40%) 21 (7%) 158 (27%) 0.818 0.594
Control 288 157 (55%) 113 (39%) 18 (6%) 149 (26%)
cC CA AA A Genotype Allele
1128+99C>A METH 178 56 (31%) 79 (44%) 43 (24%) 165 (46%) 0.603 0.281
SCZ 288 64 (22%}) 139 (48%) 85 (30%) 309 (54%) 0317 0.238
Control 288 80 (28%) 128 (44%) 80 (28%) 288 (50%)
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Table 4 Haplotypic distributions of the GABRG2 gene in
patients with METH use disorder and schizophrenia vs controls

Sample Haplotypes (315C>T—1128+99C>A) P-value
-C C-A 7-C T-A

METH 0.275 0.425 0.262 0.039 0.044

SCZ 0.261 0.464 0.202 0.072 0.356

Control 0.314 0.428 0.186 0.072

presumed at-risk haplotype T-C has an estimated frequency
of 18.6% among controls and 26.2% among METH use
disorder subjects. The estimated odds ratio of haplotype T-C
was 1.55 (95% CI (1.13-2.13)).

DISCUSSION

Qur results provide supportive evidence for a haplotypic
association in GABRG2 with METH use disorder, but not
with schizophrenia. This association suggests that the
susceptibility variant for METH use disorder may lie within
the region in positive LD with the at-tisk haplotype
reconstructed in this study. The patterns of LD were shown
to be two block like, the first block represented by 315C=>T
(covering 152268583 at intron 1 to rs211037 at exon §), and
the second block represented by 1128 +99C>A (covering
152284780 at iniron 7 to 1128 +99C> A at intron 8). Since
we found no association between each representative SNP
and METH use disorder in either allelic or genotypic
frequencies, the possibility arises that susceptibility variant
can be located outside of these block-like regions. The
second block includes the splicing regulatory elements
surrounding the spliced exon, which bind to the polypyr-
imidine tract binding protein, the splicing regulator.”-¢
Actually, we screened this regulatory region thoroughly
through direct sequencing of the 96 samples, however,
could not find any variant in these elements. Other splicing
regulatory elements that bind to another splicing regulator
Nova-1 were located in intron 8, about 3.5 kb downstream of
1128 +-99C > A.%*2 If the second block does not cover the
latter splicing regulatory elements, these regions can be a
susceptible candidate. Recently, a significant association was
reported between rs4480617 at the 5-UTR of GABRGZ and
METH use disorder in females.*® Therefore, this SNP or other
vardants in the promoter region also can be another
candidate. Given that the sample size of 96 used to identify
SNPs in this study provides more than 80% power to detect
SNPs with about 1% minor allele freqmﬁn.cy,33 we are almost
unlikely to overlook common nonsynonymous SNPs pre-

~disposed to METH use disorder.

As has been widely discussed, a sputious association can
arise because of confounding such as population stratifica-
tion and clinical heterogeneity, given the problems of
reliability due to no use of structured interviews. However,
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our data are partly in agreement with a recent report' that
found the significant association between GABRG2 and
METH use disorder in females. This provides further
corroboration that our haplotypie association with METH
uses disorder is not spurious, although potential sources of
bias such as ascertainment bias still remain possible. For
example, subjects suffering from not only METH use
disorder but also METH-induced psychosis are more likely
to seek medical care and thus to be ascertained. Such
‘spurious comorbidity”* of psychosis may account for the
apparent assoclation in this study. In the present study, we
did not stratify the METH use disorder sample according to
the comorbidity of METH-induced psychosis because the
sample size was too small for reliable analysis. Although the
precise prevalence of the comorbid METH-induced psycho-
sis remains unknown, the data in the late 1940s and early
1950s in Japan indicating that about 10% of METH users
had METH-induced psychosis®> would suggest that comor-
bid METH-induced psychosis is over-represented in our
clinically ascertained sample with METH use disorder.

As no association exists between GABRGZ and schizo-
phrenia in our sample, association between GABRG2 and
METH use disorder would not likely be attributable to
spurious comeorbid METH induced-psychosis, which may
share the pathophysiology of susceptibility with schizo-
phrenia, the so-called sensitization phenomena.®® On the
contrary, the comorbid polysubstance-related disorder over-
representted in our sample with METH wuse disorder can
account for the apparent association in this study. Indeed,
previous findings suggesting nonspecific substance depen-
dence vulnerability® supported the existence of such a
‘misattributed’ association in our stady. In addition to
concurrent comorbidity, we also cannot deny the possibility
of spurious comorbid bias caused by the past comorbid
diseases because of not examining the past history of any
mental diseases systematically. METH use subjects in our
study included a large number of patients who experienced
first psychotic symptoms after METH use for a relatively
short duration and participants in the special program
designed for drug use disorder, in which they could not
participate if they suffered from other psychiatric problems.
The low levels of comorbidity in METH use subjects may
reflect such biased ascertaintent.

There is indeed a neuroscientific framework to link
GABRG2 and METH use disorder. First, several lines of
investigation” implicate the mesolimbic dopamine system
in psychostimulant-induced motor activity. Farthermore, it
was shown in a pharmacological study®® that a GABAergic
system in PFC modulated the motor response to psychos-
timulants by inhibiting PFC pyramidal neurons. Second, a
tentative association was found for a GABRG2 SNP and the
frontally located event-related potential (ERP) complex
N100/P200 after auditory stimuli.?” Thus, the prefrontal
activation difference may reflect the differential GABRG2
activities derived from variants of the gene. Accordingly,
GABRG2 activities in PFC could affect the modulation of
mesolimbic reward circaitries, which might be associated
with valnerability of METH use disorder.
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Overall our results indicate that GABRG2 may play a role
in the risk of METH use disorder development in this
population. Analysis of the promoter region or the splicing
regulatory elements in intron 8 in a future study would be a
logical next step in searching for a susceptible variant of
GABRG2 in METH wuse disorder. However, it remains
uncertain whether the associated phenotype may reflect
the vulnerability of METH-specific abuse or nonspecific
substance abuse,

METHODS

Subjects

All patients in this study were unrelated and recruited from
three medical institutes participating the Japanese Genetics
Initiative for Drug Abuse JGAIDA).® They were dlagnosed
according to DSM-IV criteria by the consensus of at least two
experienced psychiatrists on the basis of unstructured
interviews and review of the medical records prior to
genotyping.

The number of the patients with METH uses disorder,
comprised of 164 METH-dependent subjects, and 14 METH
abuse subjects, and schizophrenia were 178 (144 males and
34 females) and 288 (140 males and 148 females), respec-
tively. The ages of each patient group were 18-69 years old
tively. No patient with schizophrenia had severe physical
complications or other Axis-I disorders according to DSM-TV
when enrolled in this study, because seven schizophrenic
subjects with METH use disorder were excluded based on the
criteria that restricted a comorbid diagnosis of any psychotic
disorder other than METH-induced psychosis. Among the
subjects with METH use disorder, 150 (124 males and 25
femalesy have a comorbid diagnosis of METH-induced
psychosis, three of anorexia nervosa, one of obsessive-
compulsive disorder, and one of major depressive disorder.
Additionally, 119 subjects with METH use disorder have
abuse or dependence on drugs other than METH. The past
history of any mental illness was not examined. The ages of
METH-induced psychotic subgroup were 19-69 years old
(37.7+12.3). No patient with METH. use disorder had any
severe physical complications when enrolled in this study.
The 288 unrelated healthy volunteers (152 males and 136
haospital staff members and medical students at Fujita Health
University. All healthy controls were also psychiatrically
screened based on unstractured interviews. After complete
description of the study to each subject, written informed
consent was obtained. This study was-approved by the ethics
committee of each JGAIDA institute,

SNP Identification

Genomic DNA was isolated from whole blood using
PUREGNER (Gentra system, Minneapolis, MN 55447,
USA). For denaturing high-performance liquid chromato-
graphy (DHPLC) analysis, we designed specific primer sets
amplifyihg all GABRG2 exons and the flanking intronic
splice sités, based on GenBank sequence (NMO000816 and
NT023133) (primer sequences are available on request).

amine use dj
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Polymerase chain reaction (PCR) was performed in a 10-ul
volume containing 10 ng sample DNA, 0.4 M of each primer,
200 uM each dNTP, 1 x PCR Gold Buffer, 1.5 mM MgCly and
0.25U0 of Amplitaq Gold™ (Applied Biosystems Japan Lid,
Tokyo, Japan), using GeneAmp™ PCR system 9700 (Applied
Biosystems Japan Ltd). PCR cycling conditions consisted of
an initial denaturation step at 95°C for 9 min, followed by
45 cycles of 95°C for 155, 60°C for 205, 72°C for 30s, and
ending with a final extension step at 72¢C for 7 min.

To screen for nucleotide variants, the obtained PCR
products from all screened samples were analyzed by DHPLC
with the WAVE™ system (Transgenomics Japan Lid, Tokyo,
Japan). The PCR products showing variant chromatograms
were amplified again and then sequenced with an ABI
PRISM™ 3100 Genetic Analyzer (Applied Biosystems Japan
Ltd). Furthermore, to screen for any kinds of riucleotide
variants in the splicing regulatory elements surrounding the
spliced exon, we performed direct sequencing of the 96
controls. The conditions for DHPLC analysis and direct

sequencing were reported previously.*

SNP Genotyping

To contirm the sequencing result and to genotype the
vatiants in additional samples, the DHPLC analysis using
the primer extension methods were developed for genotyp-
ing 588T>C by modifying the method of Hoogendoorn
et al,*® as reported previously.®® All the remaining SNPs
examined were genotyped using PCR-restriction fragment
length polymorphism (PCR-RFLP} methods. Of four RFLP
sites selected, the BamHI restriction site in the eighth exen
was genotyped as described by Loh et l,'? while for the rest
of the three SNPs, PCR-RFLP methods were developed
(detailed information on experimental procedures is avail-
able upon request).

Statistical Analysis

Tests for Hardy-Weinberg equilibrium, the calcalation of LD
measures such as I, A, and P-value and the estimation of
haplotypic frequencies were carried out using Arlequin
software 2.0.# The haplotypic frequencies belween each
patient group and controls were also compared using
Arlequin software 2.0. The genotypic and allelic frequencies
among each patient group and control group were com-
pared with an exact test, using SPSS (version 10). A two-
tailed level of 5% was chosen for the type 1 error rate. We
have not corrected for multiple testing so as to avoid false
negative findings.

Following Ohashi and Tokunaga,*® we estimated the
power of association analysis for our sample size of 178
subjects with METH use disorder, 288 schizophrenics and
288 controls under multiplicative model of inheritance,
assuming a population susceptibility allele frequency of 0.30
at 315C>T and 0.48 at 1128 +99C> A, the value in our
screened samples. Setting the type 1 error rate at 5% and
Genotype relative risk at more than 1.4 and 1.5, we obtained
more than 80% power for direct association analysis of
METH use disorder and schizophrenia, respectively.

www.nature.com/tpj
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ABBREVIATIONS
METH methamphetamine
GABA y-aminobutyric acid
GABRG2  The human GABA4 receptor gamma 2 subunit gene
GAD glutamic acid decarboxylase
PFC prefrontal cortex
Lo . linkage disequilibrium
DHPLC denaturing high-performance liquid chromatography
PCR-RFLP  polymerase chain reaction-restriction fragment length
polymorphism
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