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Abstract

Several lines of evidence, including genome-wide linkage scans and postmortem brain studies of patients with schizophrenia or
bipolar disorder, have suggested that DARPP-32 (dopamine- and cAMP-regulated phosphoprotein, 32 kDa), a key regulatory
molecule in the dopaminergic signaling pathway, is involved m these disorders. After evaluating the linkage disequilibrium pattern
of the gene encoding DARPP-32 (PPPIRIB; located on 17q12), we conducted association analyses of this gene with schizophrenia
and bipolar disorder. Single-marker and haplonpic analyses of four single nucleotide polymorphisms (SNPs; rs879606,
512601930, rs207094, and rs3764352) in a sample set (subjects with schizophrenia=2384, subjects with bipolar disorder=318,
control subjects=384) showed that PPPIR]B polymorphisms were not significantly associated with schizophrenia, whereas, even
after Bonferroni corrections, significant associations with bipolar disorder were observed for rs12601930 (comrected genotypic
p=0.00059) and rs907094 (corrected allelic p=0.040). We, however, could not confirm these results in a second independent
sample set (subjects with bipolar disorder= 366, control subjects=370). We now believe that the significant association observed
with the first sample set was a result of copy number abermations in the region surrounding these SNPs. Our findings suggest that
FPPIRIB SNPs are unlikely to be related to the development of schizophrenia and bipolar disorder in the Japanese population.
£ 2007 Elsevier B.V. All rights reserved.
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1. Introduction

- A number of studies have proposed that disruption of
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et al. 2004). DARPP-32 (dopamine- and cAMP-
regulated phosphoprotein, 32 kDa), a eritical molecule
in the striatal neurons, regulates the dopaminergic
signaling pathway through phosphorylation of protein
phosphatase-1 and protein kinase A (Fienberg et al.,
1998). Recently, it has been revealed that DARPP-32
also plays an important role in the regulation of gluta-
matergic signaling pathway (Nishi et al,, 2005), which is
also thought to contribute to the development of these
disorders (Beneyto et al., 2007; Svenningsson et al.,
2003).

DARPP-32 knockout mice have been shown to have
abnormal responses to psychoactive drugs, such as the
decrease of cage climbing behavior induced by dopamine
agonists (Fienberg et al., 1998) and the decrease of
atienuating effect of antidepressants on immobility
(Svenningsson et al., 2002).

Moreover, reduced expression of DARPP-32 has
been observed in the postmortem brain of schizophrenic
patients (Albert et al., 2002). This is suggested to be
related to neostriatal volume, activation, and functional
connectivity in the prefrontal cortex, all of which are
thought to be abnormal in patients with schizophrenia
(Meyer-Lindenberg et al., 2007).

Additionally, several lines of evidence have demon-
strated that genetic factors contribute to the develop-
ment of schizophrenia and bipolar disorder, and
genome-wide linkage scans have shown that several
chromosomal regions are simultaneously linked to the
development of these disorders. Namely, a chromoso-
mal region within 17q, which includes the gene
encoding DARPP-32 (PPPIRIB; located on 17q12),
has been demonstrated to have high logarithm of the
odds scores for schizophrenia (Cardno et al., 2001 ) and
bipolar disorder (Dick et al., 2003), i.e. 2.54 and 3.63,
respectively.

Therefore, PPPIRIB is considered to be one of the
candidate genes that contribute to these disorders. In the
present study. we performed linkage disequilibrium
analysis of PPPIRIB, and investigated the association
of polymorphisms in this gene with schizophrenia and
bipolar disorder in Japanese patients. We employed a
two-stage analysis using two independent sets of samples
as a previous report (lkeda et al., 2005). Additionally,
copy number variations (CNVs), which have been
observed for many genes (Lee and Lupski, 2006;
Redon et al., 2006) can affect the accuracy of genotyping
with single nucleotide polymorphisms (SNPs). There-
fore. we also explored copy number differences of this
gene to test the accuracy of genotyping with the SNPs,
which deviated from the Hardy-Weinberg equilibrium
(HWE).
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2. Materials and methods
2.1, Subjects

The subjects for the case-control analysis consisted
of 384 patients with schizophrenia (226 males and 158
females; 52.1 = 15.3 years old), 318 patients with bipolar
disorder (162 males and 156 females; 44.0+20.7 years
old), and 384 control subjects (159 males and 225
females; 43.9+15.9 years old). To confirm a significant
association with bipolar disorder. a second sample set
was used, which consisted of 366 patients with bipolar
disorder (181 males and 185 females; 50.1+13.4 years
old), and 370 control subjects (185 males and 185
females; 50.6+12.6 years old).

For the analysis of copy number differences, we
selected 12 male and 12 female subjects (schizophrenia
patients: 54.9=12.5 years old; bipolar disorder patients:
46.3=17.4 years old: control subjects: 43.0=12.6 years
old) for screening, and another independent sample set
of 36 male and 36 female subjects (schizophrenia
patients: 41.1+12.2 years old: bipolar disorder patients:
47.1£15.6 years old; control subjects: 43.5=12.7 years
old) was used to confirm the results. The subjects used
for the copy number analysis were also included in the
first sample set used for the association study.

All subjects were unrelated and ethnically Japanese.
The patients were diagnosed by at least two experienced
psychiatrists according to the DSM-IV-TR (Diagnostic
and Statistical Manual of Mental Disorders, Fourth
Edition, Text Revision) criteria for schizophrenia and
bipolar disorder on the basis of unstructured interviews
and reviews of their medical records. All healthy control
subjects were also psychiatrically screened on the basis
of unstructured interviews.

This study was approved by the Ethics Committees
of the Nagoya University Graduate School of Medicine,
Fujita Health University, and the RIKEN Brain Science
Institute. Written informed consent was obtained from
each subject.

2.2, Linkage disequilibrium (LD) analysis and tagging
SNP selection

For LD analysis. we consulted the HapMap database
(release #21a; population: Japanese in Tokyo: minor
allele frequency: more than 0.05) in order to obtain
SNPs throughout the entire coding region of PPPIRIB
(GenBank accession No. NM_032192) as well as in
flanking regions 500 base pairs (bp) upstream and
500 bp downstream of the coding regions. For the gene-
spanning analysis, we selected four SNPs (rs2271309,
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NM_032192 (9.7 Kb)
NM_181505 (8.1 Kb)
5 Ex. 1a Ex.2 Ex.3 Ex. 4 Ex. 5 Ex. 6 Ex. 7 3
1. rs879606 2. rs2271309 3.rs12601930 4. rs907094 5. rs3764352

Fig. |, Genomic structure of PPPIRIB. Black boxes indicate protein-coding regions, whereas open boxes denote untranslated regions (UTR), Each
box represents the PPPIRIA exons. Numbers under the amows represent the SNP IDs. Bold numbers represent tagging SNPs (pairwise tagger;
7 >0.8; Haploview 3.32). All SNPs in the coding region are listed as well as those within the S00-bp upstream 5'-flanking region and the 500-bp
downstream 3" UTR of PPPIRIB. Amrows ~ 200 bp upstream of rs] 2601930 shows the sites that were PCR amplified for copy number analysis.

rs12601930, rs907094, and rs3764352) in addition to a
dbSNP (rs879606) located in the promoter region
(Fig. 1). After evaluating the LD pattern with 48 control
subjects using Haploview version 3.32, 132271309 was
excluded according to the criterion for pairwise tagging,
#*>0.8 (de Bakker et al., 2005) (see Fig. 2).

2.3. SNP genotyping

Genotyping of tagging SNPs was carried out
primarily using polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP) analysis.
TagMan assays were used when available (Applied
Biosystems, California, USA). TaqMan probes and
Universal PCR Master Mix were obtained from Applied
Biosystems. Allelic-specific fluorescence was measured
using an ABI PRISM 7900 Sequence Detector System
(Applied Biosystems). Information about each primer
pair and enzyme is available upon request.

2.4. Quantitative real-time PCR

The PPPIRIB copy number was analyzed using
real-time PCRs with a specific primer set and FAM-
labeled fluorescent probe or TagMan expression assays
(Applied Biosystems). The test region for PPPIRIB
was ~ 200 bp upstream of the SNP that produced results
that deviated from the HWE (Fig. 1) and the
prostaglandin transporter gene (SLCO24/) was used
as a single-copy control gene (Wilson et al., 2006), We
did not use glucose-6-phosphate dehydrogenase
(G6PD), which is located on the X chromosome and
was used as single-copy control gene in the study from
Wilson et al., because it showed an unstable copy
number value (not an integral value) in their report.
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To determine the relative copy number, 10 ng of
genomic DNA was assayed in triplicate in 20 pL of
reaction solution containing | *final concentration
TagMan Universal Master Mix (Applied Biosystems)
and | *final concentration TagMan probe (Applied
Biosystems) specific for PPPIRIB or 700 nM ecach
primer and 200 nM probe specific for SLCO2A1.

Each experiment was performed using an ABI PRISM
7900 Sequence Detector System (Applied Biosystems).
To evaluate the relative copy number of PPPIRIB, we
calculated the relative quantity of the dose of PPPIRIB
using a comparative Cy; method (PPPIRIB vs.
SLCO241). The TagMan specific primers and FAM-
labeled fluorescent probe used for the PCR amplifications
were as follows: PPPIRIB-FAM probe (5'-FAM-
CCCCTTGCTCCTTTCC-MGBNFQ-3'), PPPIR1B-for
(5'-GCCTTGGCCCCTTTCTCTAA-3"), PPPIRIB-rev
(5"-GCAGCTGGAGACAAGTTTCC-3"), SLCO241-
FAM (5'-FAM-CCATCCATGTCCTCATCTC-

|.;:$|
Fig, 2. LD analysis of PPPIRIB. Numbers in the top gray boxes

correspond to the SNP ID numbers in Fig. 1. Numbers in the white
boxes represent the +~ values after the decimal point.
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Table |

Genotype and allele frequency of PPPIRIB in schizophrema and controls

Gilobal

p value

Allele
SCZ

Armitage's

p value

Genotype'

scz®

Method of

SNP 1D (M/my)

Gene

P value®

CON

p value
11,985

CON"

AJA 39 GG 58

(21%)

genotyping

symbol

0.985 0.697

A 161
(#4%)

G227

G205 AI5S9

0.631

A/A 35

119%)

(VA 91
(49%)

G/A 81
(45%)

GIG 62
(34%)

RFLP

PPPIRIE 879006 (GIA)

(56%)  (44%) (56%)

(32%)

0.287

T 150
(20%)

C 64
(BI%a)

TIR
T400 C344 T42l

0271 C 622
(83%) (18%)

0,190

CTI3 TTH

(35%)
TTH4 TiICI193

(30%)
G/GT7 AA 1M AMG 195

CC 240
(63%)

T 1

(3%)

C/C 256 CT 10

Rs12601930 (C7Ty  real ime PCR

12%)

(29%)

(68%%)

real time PCR T/T 99
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0.681

C M7
(45%)

0.673

CIC 77T 0518

120%%)

ccn

TiC 202

(54%)

07094 (T/C)

(55%)
G347 A4

(46%)

(54%)

(19%) (501%%)

(27°%%)

G353 0434

(47%)

A 365

(51%)

0.582 0419

GiG 79
(21%)

AMG 193

(54%)

A/A 36
(24%)

RFLP

rs3TH4352 (AG)

(53%:)

(49%)

(52%)

8%)

2

"M: major allele. m: minor allele "SCZ: schizophrenia. CON: control *global p value: haplotypic analysis.

(22%)
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MGBNFQ-3"), SLCO241-for (S'-ATCCCCAAAG-
CACCTGGTTT-3"), and SLCO2A1I-rev (5'-AGAGGC-
CAAGATAGTCCTGGTAA-3).

2.5 Staristical analvsis

Genotype deviations from the HWE and single-
marker association were analyzed using Haploview
software. We evaluated the allelic and genotypic
associations by the y’-test. Genotypic association of
SNPs that deviated from the HWE was analyzed using
Cochran-Armitage trend tests for multiplicative model
of inheritance (Balding, 2006). Haplotypic analyses
were performed with Unphased version 2.403 (Dud-
bridge, 2003). The significance level for all statistical
tests was 0.05. Bonferroni corrections were used for
multiple comparisons. Power calculations were per-
formed using the genetic statistical package on a genetic
power calculator (Purcell et al., 2003).

3. Results

The genotype and allele frequency of each SNP in
schizophrenic patients, bipolar disorder patients,
and control subjects are summarized in Table | and
Table 2-1, respectively. The observed genotype fre-
quencies of the tagging SNPs were within the distribu-
tion expected from the HWE except for rs12601930,

Neither the genotype nor the allele frequency of any
of the examined PPPIRIB SNPs in the schizophrenic
patients differed significantly from those observed for
the control subjects (Table 1). Morcover, the distribution
of haplotypic frequencies in the schizophrenia patients
did not differ significantly from that in control subjects.
Power analysis showed that more than 80% power in
detecting an association with schizophrenia was
obtained when the genotype relative risk (GRR) was
set from 1.35 to 1.51 in a multiplicative model of
inheritance.

A significant association was observed with both the
genotype and the allele contining rs907094 (p=0.036
and p=0.010, respectively), whereas a significant asso-
ciation was only found with the genotype for rs12601930
(p=0.000147). Haplotypic analysis supported this asso-
ciation (global p=0.030; Table 2-1). After Bonferroni
corrections, the observed positive associations were no
longer significant for the rs907094 genotype (corrected
p=0.144) and haplotype (comrected global p=0.120),
whereas, even after the corrections, the associations
remained significant for the 3907094 allele (corrected
p=0.040) and the rs12601930 genotype (corrected
p=0.000588). We. however. could not confirm these



Table 2-1
Genotype and allele frequency of PPPIRIE in bipolar disorder and controls (first sample set)
Giene SNP 1D (M/m) Method of Genotype” pvalue  Ammitage’s  Allele p value  Global
wymbol genotyping g CON" pvalie  BP p value
PPPIRIB 879606 (G/IA) RFLP P87 G/A 1406 GG S8 0857 (LS80 G320 A 268 A6l 0306 0030
%8} (50%) (32%) (54%)  (46%) (44%)
rs12601930 (C real time PCR - C/C 169 C/T 57 > 240 0000147 0,804 C395 T3 TS0 0802
(69%%) (23%) (63%) (81%) (199 (RO (20%)
907094 (T/C) time PCR - T/T 63 T/C 202 TT 14 0.036 (LOI0 T26T C293 T421 C347 o0
(23%) 154%) (30%%) (48%)  (52%) (55%) (45%)
mi764352 (AG)  RFLP AABGL  AIGITO AJA 104 ANG 195 0.176 0,385 A298 G286 A403 G353 04w
(22%)  (58%) (20%) (28%)  (52%)  (21%) (51%) (49%) (53%) (47%)
or allele, m: minor allele "BP: bipolar disorder, CON: cantrol “global p value: haplotypic analysis
Tahle 2-2
Genotype and allele frequency of PPPIRTE m bipolar disorder and controls (second sample set)
Gene SNP ID Method of Cienotype” pvalue  Armitage's  Allele p value  Global
symbol (M/m) genotyping BP" CON" p value Bp CON p value®
PPPIRIB  Rs12601930 CC232 COTHY TMIS CCH8 COTI0S T/TI12 0.192 CS583 T Coe0l Ti129 0149 0.307
(& p] (63%) (33%) (4%%) (68%) (29% } (R0%%) (82%) (18%)
Rs907004 TTI2 TCIM CCT TTI0T TICIS0 CC81 D56 0731 T4 CI0 TIM C32 07
(T/C) (28%) (53%) (19%)  (29%) 149%) (22%) (54%) (46%) (54%) (46%)

*M: major allele, m: minor allele "BP: bipolar disorder, CON: control “global p value: haplotypic analysis.
| pa g f plotyp )

18 12 1tyso] p

TEE-FEE (R00C) 001 yupasay puaydoziysg
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Table 3-1

PPPIR 18 copy number vanations detected by gPCR” ( first sample set)
SCZ° (n=24) BP"(n=24)  CON"(n=24)

Relative quantity  0.81 0.14 087 + 010 LII ¢+ 034

Decrease 6 3 2

Normal 17 21 15

Increase 1 0 7

*qPCR: quantitative real-time PCR.
bSCZ schizophrenia, BP: bipolar disorder, CON: control.

results in a second independent sample set as shown in
Table 2-2. When the two sample sets were merged, power
analysis showed the level for detecting association was
higher than 80% for bipolar disorder at the genotype
relative nisk of 1.24 to 1.39 under a multiplicative model
of inheritance.

DNA copy number analysis revealed aberrations in
the copy number in the schizophrenic patients
(increase=1 patient, decrease=6), the bipolar patients
(decrease=3), and the control subjects (increase=7,
decrease=2; Table 3-1). In the second independent
sample set, we observed aberrations in the schizophrenic
patients (increase =2, decrease=1), the bipolar patients
(increase=2, decrease=1), and the control subjects
(increase=2, decrease=5; Table 3-2). All analyses were
performed in duplicate.

4. Discussion

According to the common disease-common variants
hypothesis (Chakravarti, 1999), the present study
showed that PPPIRIB was unlikely to be related to be
the development of schizophrenia and bipolar disorder
in Japanese patients. These results were consistent with
a recently published study that examined Chinese
patients (Li et al., 2006).

The SNPs used in the association analysis, which
covered the entire gene, included all of the common SNPs
(more than 5% frequency) listed in the dbSNP database;
therefore. it is unlikely that there are other common variants
related to these disorders, Because we did not perform
mutation screening of this gene, however, the possibility
that rare variants could be causal to the development of
these disorders cannot be excluded. The GRR value
calculated using power analysis was appropriate when
compared to other promising candidate genes for schizo-
phrenia (Schwab et al., 2005; Schwab et al., 2003; Shifman
et al,, 2002).

Recently, Meyer-Lindenberg et al. (2007) tested for
an association in schizophrenia with SNPs in this gene
using a relatively small sample of Caucasian families,
and found a strong association with rs879606 and mild
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association with two other SNPs (rs3764352 and
rs3794712). Two of these three SNPs (rs879606 and
rs3764352), however, did not show any significant
association in our samples, suggesting that ethnic
differences might play a role in these associations.
rs3794712 was not further pursued for two reasons.
Firstly, this SNP is not validated and the frequency of
this SNP is not reported in the dbSNP database. Secondly.
this SNP is unlikely to affect the function of this gene
considering its genomic position in the middle of an intron
and the results from in silico analysis (RegRNA; http:/
regma.mbe.netu.edu.tw/index.html).

In the present study, we found that copy number
differences in the region that includes the SNPs deviated
from the HWE and were significantly associated with
bipolar disorder (Tables 3-1 and 3-2), suggesting that the
presence of copy number alterations gives rise to the
deviation from the HWE due 10 a high frequency of
heterozygotes. Therefore, caution must be taken when
interpreting results from SNP analysis. These results,
however. must be regarded as preliminary because we
did not observe a definite association between copy
number differences and the disorders. Because accumu-
lating evidence has highlighted that CNVs are observed
in many chromosome regions, including 17¢12 (Sharp
et al.,, 2006), and copy number alterations can affect
gene expression (Redon et al., 2006), further investiga-
tions of the CNVs as well as the SNPs may be an
effective complementary approach to clucidate the
genetic risk factors underlying the complex phenotypes
associated with psychiatric disorders. including schizo-
phrenia and bipolar disorder (Lee and Lupski, 2006).

A couple of limitations should be considered in the
present study. Firstly, we observed a strong association
between rs12601930 and bipolar disorder in the first
sample set even after a Bonferroni correction (corrected
genotype p=0.000588); the genotype frequency of the
minor allele homozygotes (TT) in the control subjects,
however, was only 2% (Table 2-1). This low frequency
may have resulted in a false-positive association. When
we used a Cochran—Armitage trend test (Balding, 2006)

Table 3-2
PPPIRIB copy number vanations detected by gPCR® (second sample
set)

SCZ" (n=24) BP" (n=24)  CON"(n=24)
Relative quannity 095 10 098 + 014 1.03 0.27
Decrease 2 Z 2
Normal 69 69 65
Increase 1 1 5

*qPCR: quantitative real-time PCR
"SCZ: schizophrenia, BP: bipolar disorder, CON: control.
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to correct the observed association with rs12601930,
which deviated from the HWE, there was no significance
in the genotype frequency (Armitage’s p=0.804). Thus,
the possibility ofa type | error derived from an insufficient
sample size should be considered. Secondly, although the
method used for copy number analysis has been widely
used and is thought to be highly reliable due to the
consistency of results obtained in our duplicate experi-
ments, supplementary methods, such as Southern blot-
ting, fluorescence in situ hybridization, or array
comparative genomic hybridization, would have provided
further confirmation of our results. Finally, the male/
female ratios and average ages were not completely
consistent between the schizophrenic patients and the
control subjects. Based on results from an exploratory
analysis using a logistic regression model, however, these
variables do not appear to contribute to the results
obtained in the present association study (data not shown).

In conclusion, our findings suggest that SNPs within
PPPIRIB do not elevate the risk for either schizo-
phrenia or bipolar disorder in the Japanese population.
Further functional analysis of the CNVs and association
studies using other endophenotypes including cognitive
function should be needed to clarify the exact role of this
gene in the pathophysiology of these disorders.
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Abstract

Magnetic resonance imaging was used to investigate the relation between the brain-derived neurotrophic factor (BDNF) Val66Met polymorphism
and volumetric measurements for the medial temporal lobe structures (amygdala, hippocampus, and parahippocampal gyrus) and prefrontal sub-
regions (the superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, ventral medial prefrontal cortex, orbitofrontal cortex. and straight
gyrus) in a Japanese sample of 33 schizophrenia patients and 29 healthy subjects. For the controls, the Met carriers had significantly smaller
parahippocampal and left superior frontal gyri than the Val homozygotes, The schizophrenia patients carrying the Met allele had a significantly
smaller right parahippocampal gyrus than those with the Val/Val genotype, but the genotype did not affect the prefrontal regions in schizophrenia
patients. These findings might reflect different genotypic effects of BDNF on brain morphology in schizophrenia patients and healthy controls.

implicating the possible role of the brain morphology as an endophenotype for future genetic studies in schizophrenia.

© 2008 Elsevier Ireland Ltd. All rights reserved.
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Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family of growth factors, mediates differentiation
and survival of neurons during development as well as synap-
tic plasticity in the mature nervous system [17,18.25]. A single
nucleotide polymorphism (SNP) in the BDNF gene that pro-
duces an amino acid substitution (valine to methionine) at codon
66 (Val66Met) has been reported to affect the activity-dependent
secretion of BDNF in cultured hippocampal neurons [4] and
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also human cognitive functioning [4,9.37]. Moreover, recent
magnetic resonance imaging (MRI) studies in healthy subjects
reported the effect of this functional SNP on brain morphology,
with BDNF Met carriers having a reduced volume of the hip-
pocampus [3,24,33], parahippocampal gyrus [20], or prefrontal
cortex [24].

Several lines of evidence suggest a role for BDNF in the
pathogenesis of schizophrenia. Recent postmortem studies in
schizophrema demonstrated decreased BDNF levels in the pre-
frontal cortex [10.40). and changes in the plasma BDNF levels
were also reported in schizophrenia patients [8]. The associa-
tion between the BDNF Val66Met polymorphism and treatment
responses or clinical symptoms in schizophrenia [13,16,22
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implies that the BDNF gene would be a plausible candidate for
a schizophrenia-susceptibility gene.

Although previous genetic studies have not supported a sig-
nificant role of the BDNF gene variants in the development
of schizophrenia [15.19], several MRI studies have suggested
different genotypic effects of BDNF on brain morphology in
schizophrenia patients and healthy controls [1,11,12,33]. These
studies have suggested that the effect of BDNF Val66Met poly-
morphism on medial temporal lobe [12.33] or frontal gray
matter [ 11] volume is pronounced among schizophrenia patients
as compared 10 healthy individuals, although the data are not
entirely consistent [1]. These findings suggest a potential role
for the investigation of the brain morphology as a neurobiolog-
ical endophenotype in future genetic studies of schizophrenia
[7]. but first require further replication.

In this study, we used MRI 1o investigate the association
between the BDNF Val66Met polymorphism and brain mor-
phology in schizophrenia patients and healthy subjects. Based
on previous MRI observations [3.20.24.33]. regions of inter-
est (ROIs) for the volumetric measurements were placed in the
medial temporal and frontal lobe structures. We predicted from
previous reports [11.12.33] that variation in the BDNF gene
(Val66Met). a candidate locus for schizophrenia, would affect
brain morphology differently in schizophrenia patients versus
healthy subjects.

Thirty-three schizophrenia patients [20 males and 13 females.
mean age=25.6+4.5 (S.D.) years (range. 19-36)] who met
the ICD-10 diagnostic criteria for research [41] were recruited

from the inpatient and outpatient clinics of the Department of

Neuropsychiatry, Toyama University Hospital. All patients were
receiving neuroleptic medication at the time of scanning [mean
haloperidol equivalent dose = 12.2 £ 8.6 (S.D.) mg/day]. with a
mean duration of medication of 2.7 years (5.D.=2.8). Fifteen
patients were being treated with typical neuroleptics and 18
patients were receiving atypical neuroleptics. At the time of the
MRI study. their mean scores on the scale for the assessment
of negative symptoms (SANS) and the scale for the assessment
of positive symptoms (SAPS) [2] were 49.7 (S.D.=22.9) and
26.1 (S.D.=24.7), respectively. The control subjects consisted
of 29 healthy volunteers (17 males and 12 females) recruited
from members of the community. hospital staff, and university
students, Their mean age was 24.2+6.1 (S.D.) years (range.
18-38). They were given a questionnaire consisting of 15 items
concerning their family and past histories, and present illness.
They did not have any personal or family history of psychiatric
illness in their first-degree relatives. The minnesota multiphasic
personality inventory (MMPI) was administered 1o all the con-
trol candidates, and they were excluded if any T-score for the
validity scales or the clinical scales exceeded 70. This cohort
is largely included in our previous MRI studies. which investi-
gated the morphology in the temporal and frontal lobe structures
in schizophrenia [21.32.35]. All subjects were right-handed
Japanese and physically healthy at the time of the study, and
none had a lifetime history of serious head trauma, neurological
illness, serious medical or surgical illness, or substance abuse.
The two diagnostic groups were matched for age, gender, height.
and parental education. This study was approved by the ethi-
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cal committees of Toyama University and Nagoya University.
Written informed consent was obtained from all subjects.

Magnetic resonance images were obtained by utilizing
a 1.5-T magnetom vision (Siemens Medical System. Inc.,
Erlangen, Germany) with a three-dimensional gradient-echo
sequence fast low-angle shots (FLASH) yielding 160-180 con-
tiguous T1-weighted slices of 1.0-mm thickness in the sagittal
plane. The imaging parameters were: repelition time =24 ms;
echo time=35ms: flip angle=40"; field of view=256 mm;
and matrix size =256 x 256 pixels. The voxel size was
1.0mm » 1L.Omm x 1.0mm. Image processing for volumetric
analysis has been described in detail elsewhere [34]. Briefly.
on a Unix workstation (Silicon Graphics, Inc.. Mountain View.
CA), the image data were processed using the software package
Dr. View 5.3 (Asahi Kasei Joho System Co,, Ltd., Tokyo, Japan).
Brain images were realigned in three dimensions to standardize
for differences in head tilt during image acquisition and were
then reconstructed into entire contiguous coronal images, with
a |-mm thickness, perpendicular to the anterior commissure-
posterior commissure line. The whole cerebrum was manually
separated from the brainstem and cerebellum. The signal-
intensity histogram distributions from the T1-weighted images
across the whole cerebrum were then used 1o semi-automatically
segment the voxels into gray matter, white matter, and cere-
brospinal fluid. The intracranial volume (ICV) was measured to
correct for differences in head size as previously described [42]:
the groups did not significantly differ in their ICV volumes.

The medial temporal structures (amygdala, hippocampus,
and parahippocampal gyrus) and prefrontal sub-regions (the
superior frontal gyrus, middle frontal gyrus, inferior frontal
gyrus, ventral medial prefrontal cortex. orbitofrontal cortex.
and straight gyrus) were manually traced on consecutive 1-
mm coronal slices with the corresponding sagittal and axial
planes simultancously presented for reference. The procedures
for delineation of these structures were described in detail pre-
viously [21,32]. The gray matter volumes of the prefrontal
sub-regions were obtained by using the above-mentioned seg-
mentation procedure. For the medial temporal lobe structures,
volumes of gray and white matter were measured together. Three
trained raters (S.Z., H.H., and L.N) measured the volumes of
each ROI without knowledge of the subjects’ identity, gender,
and diagnosis. Intra- and inter-rater intraclass correlation coef-
ficients in a subset of five randomly selected brains were over
0.92 for all ROIls.

Genomic DNA was extracted from EDTA-containing venous
blood samples according to standard procedures. The geno-
typing of the Val66bMet SNP (rs6265) of the BDNF gene
was carried out using the polymerase chain reaction-restriction
fragment length polymorphism assay. Sequences of primer
pairs are Fw: 3-ACTCTGGAGAGCGTGAATGG-3" and Rv:
5-CCGAACTTTCTGGTCCTCAT-3', Nlalll was used for
digestion.

Genotypic distribution and allelic frequencies were compared
between schizophrenia patients and healthy subjects using the
chi-square test, For the genotypic effects on brain morphology.
cach diagnostic group was examined separately based on the
hypothesis that variation in the BDNF gene would affect brain



morphology differently in schizophrenia patients and healthy
subjects. The relative volume [(absolute volume/ICV) x 100]
for each region was analyzed using the repeated measures anal-
ysis of covariance (ANCOVA) with age and gender as covariates,
genotype [Val homozygotes versus Met carriers (heterozygoles
and Met homozygotes combined)| as a between-subject fac-
tor, and side (left versus right) as a within-subject variable,
Heterozygotes and Met homozygotes were combined and cat-
cgorized as Met carriers following the strategy used by Ho et
al. [12]. The volumetric measurements for all ROIs in this study
were normally distributed ( Kolmogorov-Smirnov test). Post hoc
Spjotvoll and Stoline tests, modified Tukey's tests for unequal
sample size, were carried out to follow up the significant main
cffects or interactions yielded by ANCOVAs. Statistical signif-
icance was defined as p<(0.05.

The observed genotypic frequency of SNP was within the dis-
tribution expected according to Hardy-Weinberg equilibrium.
As for the genotypic distribution, 12/33 schizophrenia patients
(36.4%) and 13/29 controls (44.8% ) were Val homozygotes, 6/33
patients (18.2%) and 5/29 controls (17.2%) were Met homozy-
gotes, and 15/33 patients (45.5%) and 11/29 controls (37.9%)
were heterozygotes, with no significant group difference (chi-
square = (.49, p=0.783). No significant difference was observed
in allelic frequencies between the patients and controls either
(chi-square =0.29, p = 0.592). For schizophrenia patients, no dif-
ferences between the genotype groups were observed in age,
education, parental education, numbers of hospitalization, onset
age, illness duration, total score for SANS and SAPS, or medica-
tion status (dose. duration, and typical versus atypical). Although
an association between smoking behavior and BDNF Val66Met
polymorphism has been previously reported in schizophrenia
[38]. assessment of cigarette smoking behavior was not com-
prehensively undertaken in this sample.

Table 1 shows a comparison of the relative ROI volumes
between the subjects with the Val/Val genotype and Met
carriers. For the healthy controls, ANCOVA showed a sig-
nificant main effect of genotype for the parahippocampal
gyrus and a significant genotype-by-side interaction for the
superior frontal gyrus, with the Met carriers having a smaller
parahippocampal gyrus (post hoc test. p=0.014) and smaller
left superior frontal gyrus (post hoc test, p=0.010) than the Val
homozygotes (Fig. 1). For the schizophrenia patients. ANCOVA
demonstrated a significant genotype-by-side interaction for the
parahippocampal gyrus, showing that the Met carriers had a
smaller right parahippocampal gyrus than the Val homozygotes
(post hoe test, p=0.022) (Fig. 1).

This volumetric MRI stwudy investigated the effect of
the BDNF Val66Met polymorphism on the prefrontal and
medial temporal lobe structures in schizophrenia patients and
healthy controls. We demonstrated that the Met carriers had
a significantly smaller left superior frontal gyrus than the Val
homozygotes among the controls but not the patients. For the
parahippocampal gyrus, our results demonstrated that the Met
allele is related to a reduction in volume bilaterally for controls,
but only in the right hemisphere for the schizophrenia patients.

The present finding is consistent with the result of a previous
MRI study using voxel-based morphometry that showed a simi-
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lar association between the BDNF Val66Met polymorphism and
the left superior frontal gyrus only for healthy controls [ 12]. The
prefrontal cortex is an area that has received much attention in the
search for the neural substrate of schizophrenia. In addition o a
significant volume reduction [29,30.32], prefrontal abnormali-
ties in schizophrenia have been implicated in negative symptoms
and several cognitive impairments [6]. Although we did not find
a specific genotypic effect of the BDNF on brain morphology
in schizophrenia, a recent longitudinal MRI study demonstrated
that BDNF Met allele contributed to frontal gray matter reduc-
tion over time in schizophrenia patients [11]. BDNF is known
to support the survival and differentiation of dopaminergic neu-
rons, and regulates the structural and functional maturation of
the prefrontal cortex during young adulthood in the human brain
[8.39]. Impairment of BDNF and related dopaminergic func-
tions at this critical period in neurodevelopment, which could
be influenced by varation in the BDNF gene. has important
implications for the prefrontal pathology of schizophrenia. In
addition, the findings of Ho et al. [11] support ongoing neuro-
plastic effects of BDNF beyond neurodevelopment. Our failure
to find genotypic effects of BDNF on prefrontal gray matter
volume in schizophrenia can possibly be explained by the fact
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that the present cross-sectional study did not examine progres-
sive brain morphologic changes. The possibility also exists that
brain morphology in schizophrenia is more liable to be influ-
enced by non-genetic factors such as antipsychotic medication
[11,27]. This medication issue will be further discussed below.
For the parahippocampal gyrus, which is another structure
that has begn implicated in the pathophysiology of schizophre-
nia [5,26], we found a significant relationship between the
BDNF genotype and the volume of this region only in the
right hemisphere in schizophrenia patients. Our findings may
be partly consistent with a previous MRI study showing that
schizophrenia patients and nonpsychotic relatives from fami-
lies with multiply affected ill members had significantly smaller
right parahippocampal gyrus than controls [28]. However, our
results did not accord with the previous MRI study [12], which
showed a genotypic effect of BDNF only on the left parahip-
pocampal gyrus in schizophrenia. The timing and course of brain
morphologic changes in schizophrenia are not well understood
[23] and brain changes related to genetic vulnerability of the
illness are not necessarily static over time [ 1 1]. Thus, further lon-
gitudinal studies are needed o clarify the contribution of genetic
and non-genetic factors to the neurobiology of schizophrenia.
As discussed above, the role of the BDNF Val66Met poly-
morphism in the prefrontal and medial temporal lobe structures
in schizophrenia remains unclear. Additionally, we investigated
only a single polymorphism in this study, though schizophrenia
is thought to have a multifactorial etiology in which multiple
susceplibility genes interact with environmental insults. Never-
theless, the present findings support the possibility that BDNF
affects brain morphology differently in schizophrenia patients
and healthy subjects, implicating brain morphology as a poten-
tial endophenotype for future genetic studies in schizophrenia.
In this study, we did not find a significant association between
the BDNF Val66Met polymorphism and hippocampal volume
in schizophrenia patients or healthy controls. In contrast, sev-
eral MRI swdies reported a smaller hippocampal volume in
Met carriers [3.24.33], supporting the notion that the BDNF
expressed abundantly in the hippocampus plays an important
role in human memory formation [17.18.25]. This discrepancy
might be partly explained by ethnic differences. In a recent MRI
study, Inoue et al. [ 14] showed a lack of association between the
BDNF Val66Met genotype and manually measured volumes of
the amygdala and hippocampus in | 16 healthy Japanese individ-
uals. Another MRI study in healthy Japanese found no genotypic
effect of the BDNF Val66Met polymorphism on hippocampal
volume either, but demonstrated an association between this
polymorphism and the volume of the parahippocampal gyrus
as in the present study [20]. Furthermore, there seem to be
ethnic differences in brain morphology [43] and also in the fre-
quency of the BDNF Val66Met polymorphism, with healthy
Japanese individuals carrying Met significantly more often than
healthy Caucasians [31.36]. Thus. both present and previous
findings suggest possible interethnic differences in the vanation
of the BDNF gene as well as in its genotypic effects on brain
morphology especially for the medial temporal lobe structures.
A few possible confounding factors in the present study need
to be addressed. First, all the schizophrenia patients were on
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antipsychotic medication, which might directly affect brain mor-
phology [27]. Although duration of antipsychotic exposure in
our sample was relatively short and there was no difference
in medication status between the genotype groups, pharma-
cotherapy, particularly with typical antipsychotics, may cause
gray matter reduction in cortical regions even over short peri-
ods [11,27]. Thus, medication effects may have influenced our
findings, with particular regard to comparisons between healthy
subjects and schizophrenia patients. Secondly. the relatively
small number of subjects limited our ability to generalize the
findings of the study. Failure to replicate previous findings of
genotypic effect of the BDNF on hippocampal volume may be
a result of the limited sample size of this study. Additionally,
the weak association between the BDNF genotypes and brain
morphology did not allow for statistical correction for multiple
comparisons, representing a further limitation of the study. Thus,
the results of the present study should be confirmed by an addi-
tional study with a large number of subjects without sustained
antipsychotic treatment.

In conclusion, our preliminary findings suggest that a vari-
ation of the BDNF Val66Met polymorphism may affect brain
morphology differently in schizophrenia patients and healthy
controls in the left superior frontal and parahippocampal gyri.
Although we did not observe a genotypic effect of this poly-
morphism on brain morphology specific to schizophrenia, our
findings imply the possible role of brain morphology as an
endophenotype for future genetic studies in schizophrenia.
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Abnormal neurodevelof in midline structures such as the adhesio interthalamica (Al). as well as in the
medial temporal lobe structures has been implicated in schizophrenia, while its genetic mechanism is unknown.
This magnetic resonance imaging study investigated the effect of the genotypic combination of the dopamine D3
receptor (DRD3) Ser9Gly and brain-derived neurotrophic factor { BDNF) Val6GMet polymorphisms on the Al length
and volumetric measures of the medial temporal lobe structures (amygdala, hippocampus, and parahippocampal
gyrus) in 33 schizophrenia patients and 29 healthy controls. The subjects with a combination of the Ser/Ser
genotype of DRD3 and Met-containing genotypes of BDNF (high-risk combination) had a shorter Al than those
without it in the healthy controls, but not in the schizophrenia patients, The subjects carrying the high-risk
combination had a smaller posterior hippocampus than those without it for both diagnostic groups. These
genotypic combination effects on brain morphology were not explained by the independent effect of each
polymarphism, These findings suggest the effect of gene-gene interaction between the DRD3 and BDNF variations
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1. Introduction and Muller, 1990; Rosales et al.. 1968) and is likely to be involved in

The adhesio interthalamica (Al), a narrow bridge of glial cells con-
necting the medial surfaces of the thalamus on each side, is variable in
size among individuals and missing in about 20-30% of human brains
(Kretschmann and Weinrich, 1992; Percheron, 2004). Although its role
in humans is unclear, the Al develops during early gestation (O'Rahilly
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Intracranial volume; MRI. Magnetic resonance imaging: SANS, Scale for the Assessment
of Negative Symptoms; SAPS, Scale for the Assessment of Positive Symptoms; SNP,
single nucleotide polymorphism.
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dopaminergic regulation (Cheramy et al., 1984; Romo et al., 1984). While
not consistently replicated (Ettinger et al., 2007; de Souza Crippa et al,,
2006; Meisenzahl et al., 2000), the Al was found to be more often absent
and shorter in schizophrenia compared with healthy subjects (Erbagci
et al, 2002; Nopoulos et al., 2001; Snyder et al., 1998; Shimizu et al, in
press; Takahashi et al., 2008). In addition, several magnetic resonance
imaging (MRI) studies reported an association between the midline
brain structures and the medial temporal morphology in schizophrenia
(Kasai et al., 2004: Kwon et al., 1998; Takahashi et al., 2007, 2008). Thus,
the Al findings in schizophrenia could be a marker of early develop-
mental and dopaminergic abnormalities in the midline and associated
medial temporal lobe structures. However, the genetic mechanism
underlying this neurodevelopmental process is largely unknown.

The dopamine D3 receptor (DRD3) gene could be a strong candi-
date gene for schizophrenia-susceptibility considering the dopamine
hypothesis of the illness (Meltzer and Stahl, 1976). Increased DRD3
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expression in the brain of drug-free schizophrenia patients also impli-
cates its role in the pathophysiology of the illness (Gurevich et al.,
1997). The DRD3 Ser9Gly single nucleotide polymorphism (SNP),
which causes higher dopamine binding affinity (Lundstrom and
Turpin, 1996), has been shown to affect the response to antipsychotics
(Scharfetter et al., 1999; Szekeres et al. 2004} or susceptibility to
tardive dyskinesia (Bakker et al., 2006) in schizophrenia, although it is
not consistently replicated (Liou et al., 2004; Malhotra et al., 1998).
Several (Dubertret et al., 1998: Jonsson et al.,, 2003; Shaikh et al., 1996),
but not all (Jonsson et al,, 2004), meta-analyses have demonstrated
the association between the Ser allele or Ser/Ser genotype and
schizophrenia. Given the complex genetic background of schizophre-
nia (Sawa and Snyder, 2002), these inconsistencies might reflect in-
teractions with other genes that regulate the expression of DRD3.

The genotypic interaction effect of DRD3 and brain-derived neuro-
trophic factor (BDNF) may be of interest in the search for the patho-
genesis of schizophrenia because the BDNF supports the survival and
differentiation of dopaminergic neurons by regulating DRD3 expres-
sion (Guillin et al,, 2004, 2007). Although previous genetic studies
testing associations between BONF gene variants and schizophrenia
have produced contradictory results (Jonsson et al, 2006), BDNF
ValG6Mer SNP may weakly impact on clinical variables such as clinical
symptoms or treatment response (Hong et al., 2003; Krebs et al,
2000; Numata et al., 2006) as well as on brain morphology (Ho et al.,
2006; Szeszko et al., 2005) in schizophrenia. Interestingly, Gourion
et al. (2005) demonstrated a significant interaction effect of the DRD3
Ser9Gly and BDNF Val66Met SNPs on the onset age of schizophrenia.
To our knowledge, however, no studies in schizophrenia have exam-
ined the gene-gene interaction effect of these SNPs on quantitative
neurobiological endophenotypes.

In summary, the current evidence suggests that 1) the genotypic
combination of DRD3 and BDNF may play a role in the dopaminergic
pathology of schizophrenia and that 2) the morphology of the Al and
related medial temporal lobe structures may be a marker of early
neurodevelopmental and dopaminergic deficits in schizophrenia. Based
on these notions, we hypothesized that the interaction of DRD3 and
BDNF would affect these brain structures specifically in schizophrenia.
The current MRI study sought to test this hypothesis by examining the
genotypic interaction effect of the DRD3 Ser9Cly and BONF Val66Met
SNPs on the length of the Al and volumetric measures of the medial
temporal lobe structures (amygdala, hippocampus, and parahippocam-
pal gyrus) in schizophrenia patients and healthy controls,

2. Methods
2.1. Subjects

Demographic and clinical data of the subjects in this study are
shown in Table 1. This cohort was largely included in that in our
previous MRI study, which investigated the morphology of the Al and
medial temporal lobe structures in schizophrenia (Takahashi et al.,
2008). All subjects were right-handed Japanese and physically healthy
at the time of the study, and none had a lifetime history of serious
head trauma, neurological illness, serious medical or surgical illness,
or substance abuse. The two diagnostic groups were matched for age,
gender, height, and parental education (Table 1).

Thirty-three schizophrenia patients who met the ICD-10 diagnos-
tic criteria for research (World Health Organization, 1993) were re-
cruited from the inpatient and outpatient clinics of the Department of
Neuropsychiatry, Toyama University Hospital. Diagnoses were made
following structured clinical interviews by psychiatrists with the
Comprehensive Assessment of Symptoms and History (CASH;
Andreasen et al,, 1992). Clinical symptoms were rated at the time of
scanning using the Scale for the Assessment of Negative Symptoms
(SANS) and the Scale for the Assessment of Positive Symptoms (SAPS)
(Andreasen, 1984). All patients were receiving neuroleptic medication
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Table 1
Clinical and genetic descriptions of healthy comparisons and patients with
schizophrenia
Variable Healthy = P Group comparisons
comparisons patients {one-way ANOVA or
chi-square test)
N=29 N=33
Male/female 1712 2013 Chi-square=0.03,
p=0874
Age (years) 24216, 256445 F[1,60)=101,
p=0319
Height (cm) 166.0£7.0 1655178 F (1, 60}=0.05,
p=0.819
Education (years) 154424 135417 F(1,60}=1345,
p=0.001
Parental education (years) 122223 123222 F(1.60}=0.10,
p=0759
Age at onset (years) - 222244 -
Duration of illness (years] - 3536 -
Duration of - 17+28 -
medication (years)
Drug (mg/day, = 122286 -
haloperidol equivalent)
Total SAPS score - 26,1247 -
Total SANS score - 49,7229 -
DRD3 genotypes 12/18/1 15/15/2" Chi-square=0.55,
(N: Ser homo/hetero/ p=0759
Cly homo)
BDNF genotypes 13115 12/15/6 Chi-square=0.49,
(N; Val homo/hetero/ p=0.783
Met homo}

of

Values represent means2SDs, SANS, scale for the
SAPS, scale for the of positive symg
* p<0.01: compared to schizophrenia patients (Scheffé's test).
© DRD3 gene was not detected for one patient

at the time of scanning; 15 patients were treated with typical neuro-
leptics and 18 patients were receiving atypical neuroleptics, Patients
were also receiving anticolinergic drugs (N=28), benzodiazepines
(N=25), antidepressant (N=1}, and/or carbamazepine (N=2).

The control subjects consisted of 29 healthy volunteers recruited
from members of the community, hospital staff, and university students.
They were given a questionnaire consisting of 15 items concerning their
personal (13 items; e.g., a history of obstetric complications, substantial
head injury, seizures, neurological or psychiatric diseases, impaired
thyroid function, hypertension, diabetes, and substance use) and family
(2 items) histories of illness. They did not have any personal or family
history of psychiatric illness in their first-degree relatives. The Min-
nesota Multiphasic Personality Inventory (New Japanese MMPI Com-
mittee, 1997) was administered to all the control candidates, and they
were excluded if any T-score for the validity scales or the clinical scales
exceeded 70. This study was approved by the ethical committees of
Toyama University and Nagoya University. Written informed consent
was obtained from all subjects.

2.2. Magnetic resonance imaging procedures

Magnetic resonance images were obtained by utilizing a 1.5-T
Magnetom Vision (Siemens Medical System, Inc, Erlangen, Germany)
with a three-dimensional gradient-echo sequence FLASH (fast low-
angle shots) yielding 160-180 contiguous T1-weighted slices of 1.0-mm
thickness in the sagittal plane. The number of slices acquired varied
between subjects according to the head size of each case. The imaging
parameters were: repetition time=24 ms; echo time=5 ms: flip
angle=40"; field of view =256 mm; and matrix size=256x256 pixels.
The voxel size was 1.0 mm”. Image processing for volumetric analysis
has been described in detail elsewhere (Takahashi et al.. 2002). Briefly,
on a Unix workstation (Silicon Graphics, Inc, Mountain View, CA, USA),
the image data were processed using the software package Dr View 5.3
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(Asahi Kasei Joho System Co, Ltd, Tokyo, Japan). Brain images were
realigned in three dimensions to standardize for differences in head tilt
during image acquisition and were then reconstructed into entire
contiguous coronal images of 1-mm thickness, perpendicular to the
anterior commissure-posterior commissure line. The whole cerebrum
was manually separated from the brainstem and cerebellum. The signal-
intensity histogram distributions from the T1-weighted images across
the whole cerebrum were then used to semi-automatically segment the
voxels into gray matter, white matter, and cerebrospinal fluid. The
intracranial volume (ICV) was measured to correct for differences in
head size as previously described (Zhou et al., 2003).

2.3, Assessment of regions of interest

To assess the length of the Al, the number of slices where an Al was
clearly seen was counted on consecutive 1-mm coronal slices (Takahashi
et al, 2008). Both intra- and inter (TT and KN)-rater intra-class cor-
relation coefficients (ICCs) for the length of the Al in a subset of 30
randomly selected brains were over 0.97,

The medial temporal lobe structures (amygdala, hippocampus, and
parahippocampal gyrus) were manually traced on consecutive 1-mm
coronal slices with the corresponding sagittal and axial planes simul-
taneously presented for reference. Detailed delineation methods for
these structures have been described elsewhere (Niu et al., 2004:
Suzuki et al., 2005a,b). The volumes of gray and white matter in each
of these structures including the parahippocampal gyrus were
measured together. The inferior border of the amygdala in contact
with the hippocampus head was determined by reference to the
sagittal plane; the alveus was used to differentiate these structures.
The hippecampus and the parahippocampal gyrus were subdivided
into anterior and posterior parts at the level of the posterior edge of
the mammillary body. Two trained raters (HH and LN) measured the
volumes of the medial temporal lobe structures without knowledge of
the subjects’ identity, gender, or diagnosis. Inter- and intra-rater ICCs
in five randomly selected brains were over 0,93,

2.4. DNA procedures

Genomic DNA was extracted from EDTA-containing venous blood
samples according to standard procedures, The genotyping of the
Val66Met SNP (rs6265) of the BDNF gene and the Ser9Gly SNP (rs6280)
of the DRD3 gene were carried out using polymerase chain reaction-
restriction fragment length polymorphism assays. Sequences of primer
pairs and restriction enzymes were as follows; Fw: 5'-ACTCTGGA-
GAGCGTGAATGG-3', Rv: 5'-CCGAACTTTCTGGTCCTCAT-3', Nla Il
(rs6265); Pw: 5'-CTCTGCCCCACAGGTGTAGT-3, Rv: 5'-CAAGCCCCAAA-
GAGTCTGAT-3', Hae Il (rs6280).

2.5. Stantistical analysis

Statistical analysis was carried out using the software package
STATISTICA for Macintosh (StatSoft, Tulsa, OK, USA). Genotype fre-
quencies between schizophrenia patients and healthy comparisons
were compared using chi-square test to test for Hardy-Weinberg
equilibrium. Based on the previous observation (Gourion et al.,
2005), the genotypic combination of the Ser/Ser genotype of the
DRD3 gene and Met-containing genotypes of the BDNF gene was
categorized as a “high-risk genotypic combination”. The other com-
binations (i.e. Gly-containing genotypes of the DRD3 gene and/or
Val/Val genotype of the BDNF gene) were categorized as "non-high-
risk genotypic combinations”.

In order to examine these genotype effects on Al, the absolute
length of Al was analyzed by analysis of covariance (ANCOVA) with
age, gender, and ICV as covariates, with diagnosis (schizophrenia
patients versus controls) and genotypic combination (high-risk versus
non-high-risk) as between-subject factors,

ology & Biological Psychiarry 32 (2008) 1236-1242

For the medial temporal lobe structures, the relative volumes
[(absolute volume [ICV)* 100] for each ROl were analyzed using the
repeated measures ANCOVA with age and gender as covariates, with
diagnosis and genotypic combination as between-subject factors, and
hemisphere (left versus right) as a within-subject variable, We used
relative volumes for these ANCOVAs, but we considered main effects
or interactions to be significant if the results did not change when the
absolute volumes were used with age, gender, and ICV as covariates,
The Al length and volumetric measures for all ROIs in this study were
normally distributed (tested by the Kolmogorov-Smirnov test). The
post hoc Scheffé's test was employed to follow up the significant main
effects or interactions yielded by ANCOVASs, Statistical significance was
defined as p<0.05.

3. Results

The observed genotype frequency of the SNPs was within the
distribution as expected according to the Hardy-Weinberg equili-
brium. No significant difference was observed in the genotypic dis-
tribution of the BDNF Val66Met SNP or the DRD3 SerSGly SNP
between the healthy controls and schizophrenia patients (Table 1),
The DRD3 gene was not detected for one schizophrenia patient, and
this case was removed from subsequent analyses. As for the genotypic
combination, 10/32 schizophrenia patients (31.3%) and 7/29 controls
(24.1%) were categorized as having the high-risk combination,
showing no significant group difference (chi-square=0.38, p=0.536).

For schizophrenia patients, no differences berween the genotypic
combination groups (high-risk versus non-high-risk) were observed
for age. onset age, illness duration, total SANS or SAPS score. or
medication status (dose, duration, and typical versus atypical),

Table 2 shows a comparison of the Al length and relative ROI
volumes between the subjects with and without the high-risk
genotypic combination. ANCOVA of the Al length showed a significant
diagnosis-by-genotypic combination interaction, with subjects with
the high-risk genotypic combination having a shorter Al than those
without it for the healthy controls (post hoc test, p=0.048), but not for
the schizophrenia patients (post hoc test, p=0.981) (Fig. 1).

For the medial temporal lobe structures, we found significant main
effects of genotypic combination for the posterior hippocampus and
posterior parahippocampal gyrus, showing that the subjects with
high-risk genotypic combination had a smaller posterior hippocam-
pus (post hoc test, p=0.010) and posterior parahippocampal gyrus
(post hoc test, p=0.013) than those without it. When the absolute
volumes were used for the statistical analyses, however, the genotypic
combination effect was significant for the posterior hippocampus
(F=5.38, p=0.024) but not for the posterior parahippocampal gyrus
(Table 2). Thus, we considered only the effect on the posterior
hippocampus to be significant.

We further tested whether these genotypic combination effects on
the Al or posterior hippocampus could be explained by the inde-
pendent effect of each SNP. No genotype effect was seen on these
structures when the effect of DRD3 Ser9Gly SNP alone (Ser homo-
zygotes versus Gly carriers ) or BDNF Val66Met SNP alone (Met carriers
versus Val homozygzotes) was tested,

4. Discussion

To our knowledge, this is the first volumetric MRI study to report
the gene-gene interaction effect of the DRD3 Ser9Gly and BDNF
Val66Met SNPs on the brain morphology in schizophrenia patients
and healthy controls. The subjects carrying the combination of the Ser/
Ser genotype of DRD3 and Met-containing genotypes of BDNF had a
shorter Al than those without it in the healthy controls, but not in the
schizophrenia patients. On the other hand, the subjects with the same
genotypic combination had a significantly smaller posterior hippo-
campus than those without it in both diagnostic groups. Of note, these
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schizophrenia patients. Horizontal lines indicate means. Post hoc comparisons:
.

'p<0.05,

genotypic interaction effects were not explained by the independent
effect of the DRD3 or BDNF. Thus, our findings suggest the effect of
gene-gene interaction between the DRD3 and BDNF variations on
brain morphology in midline and medial temporal lobe structures.
Contrary to our prediction, however, we did not find a specific inter-
action effect of these genes on brain morphology in schizophrenia.

With regard to the association between these genotypic variations
and schizophrenia or its clinical characteristics such as age at onset of
psychosis, large-scale meta-analyses of the BDNF and DRD3 suggested
each genotype effect was of small magnitude (e.g., Jonsson et al,, 2003,
2006; Xu et al., 2007). Nevertheless, Gourion et al. (2005) reported a
significant association berween the combination of the Ser/Ser genotype
of DRD3 and Met-containing genotypes of BDNF and earlier onset of
schizophrenia. Although we did not find a significant genotypic in-
teraction effect on the clinical variables in schizophrenia possibly due to
the small sample size, these previous findings support the notion that
schizophrenia is multifactorial in origin and cannot be easily explained
by a single genetic component (Harrison and Weinberger, 2005; Sawa
and Snyder, 2002).

The reported malformation of the Al in schizophrenia is likely to
reflect early neurodevelopment and consequent dopaminergic ab-
normalities in the neural network including the thalamic region
(Takahashi et al., 2008), The functional significance of the Al in human
brain is obscure, but animal studies have shown that the Al is involved
in regulating the release of dopamine in the basal ganglia (Cheramy
et al, 1984; Romo et al,, 1984), It is interesting to note that DRD3
mRNA is preferentially expressed in limbic-related and basal ganglia
regions, as well as in the thalamus in the human brain (Suzuki et al.,
1998). Low thalamic D2/D3 receptor binding in drug-naive patents
with schizophrenia demonstrated by positron emission tomography
studies (Talvik et al.. 2003; Buchsbaum et al., 2006) implied deficits in
the thalamic dopaminergic system (Sanchez-Gonzalez et al., 2005;
Garcia-Cabezas et al., 2007} in schizophrenia. Given the role of BDNF
as a modulator of dopaminergic function during development by
regulating DRD3 expression (Guillin et al., 2004, 2007), it can be
hypothesized that the genotypic interaction effect of these genes is at
least partly related to the thalamic dopaminergic pathology of schizo-
phrenia, which could result in the differences in the prevalence or
length of the Al in schizophrenia patients. In this study, however, we
did not provide direct evidence for the genotypic combination effect of
the DRD3 and BDNF SNPs on the Al in schizophrenia. A recent MRI
study in monozygotic twins concordant or discordant for schizo-
phrenia also failed to find genetic contribution to the Al abnormalities
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(Ettinger et al,, 2007), Thus, the possible interaction effect of these
genes on brain morphology, including the midline structures, should
be further examined in schizophrenia.

Regarding the medial temporal lobe structures, our findings
demonstrated that the combination of the Ser/Ser genotype of DRD3
and Met-containing genotypes of BDNF may contribute to the volume
reduction of the hippocampus in both schizophrenia patients and
healthy comparisons. This finding is largely in line with previous MRI
studies that demonstrated the association between the Met allele of
the BDNF gene and a reduced volume of the hippocampus in schizo-
phrenia (Szeszko et al., 2005) or healthy subjects (Bueller et al., 2006;
Pezawas et al., 2004; Szeszko et al,, 2005), and further supports the
role of BDNF as a regulating factor of DRD3. The medial temporal lobe
has already decreased in volume by the onset of schizophrenia
(Shenton et al,, 2001; Vita et al., 2006) and several (Boos et al., 2007;
Lawrie et al., 2001; Seidman et al,, 2003) but not all (Goldman et al.,
2008; Honea et al., 2008) MRI studies have demonstrated a similar
reduction in subjects at genetic high-risk for developing schizophre-
nia. These findings suggest the heritability of the medial temporal lobe
changes in schizophrenia, but these changes might represent only a
weak intermediate phenotype for schizophrenia (Goldman et al,
2008; Honea et al.,, 2008). In fact, the previous MRI study (Szeszko
et al., 2005) as well as the present study did not reveal statistically
significant genotype-by-diagnosis interaction regarding the effect of
the BDNF Val66Met SNP on the medial temporal morphology in
schizophrenia and healthy controls. As for the DRD3 Ser9Gly SNP, to
our knowledge, no volumetric MRI studies have investigated its geno-
type effect on the brain morphology in schizophrenia patients or in
healthy subjects, but the Ser/Ser genotype was reported to contribute
to the quality of eye tracking performance, another potential pheno-
typic marker of schizophrenia, in both schizophrenia patients and
healthy subjects (Rybakowski et al., 2001 ). Taken together, the genetic
effect of DRD3, BDNF, or a combination of these genes could contribute
to the neurobiological phenotypic markers observed in schizophrenia
such as the medial temporal abnormalities, but it seems likely that
each effect on the pathogenesis of schizophrenia is weak and cannot
explain all the differences in these phenotypic expressions between
schizophrenia patients and healthy controls,

A few possible confounding factors in the present study need to be
addressed. First, all schizophrenia patients in this study were on
neuroleptic medication, which could have affected the brain morphol-
ogy. Although there was no difference in medication status between
the genotype groups (Ser/Ser versus Gly carrier for the DRD3 gene, Val/
Val versus Met carrier for the BDNF gene, and high-risk versus non-
high-risk genotypic combinations), the effects of medication may have
biased our results, with particular regard to comparisons between
healthy subjects and schizophrenia patients. In fact, our preliminary
data showed a negative correlation berween the Al length and daily
medication dosage in a different sample of psychotic disorder patients
(unpublished data). Secondly, this cross-sectional study did not
examine progressive brain morphologic changes. The Al has been
implicated in early neurodevelopment, but it also undergoes atrophy
with age (Rosales et al., 1968), which we found to be accelerated in
schizophrenia (unpublished data). Although the present study failed to
find a specific interaction effect of the BDNF and DRD3 polymorphisms
on brain morphaology in schizophrenia, the possibility exists that these
genetic variations contribute to brain changes over time in the illness
(Hoetal., 2007). In addition to these potential confounding factors, this
study was limited by the relatively small number of subjects carrying
the combination of the Ser/Ser genotype of DRD3 and Met-containing
genotypes of BDNF. Our unexpected finding of the interaction effect of
these genes on the Al only in healthy comparisons may be partly
related to the lower statistical power due to the small sample size.
Thus, the present findings require replication in a larger sample
without sustained neuroleptic medication in a longitudinal design.
Furthermore, other genes for schizophrenia-susceptibility should be
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included in future studies for gene-gene interaction effects on the
pathogenesis of schizophrenia.

5. Conclusion

Our preliminary results demonstrated a significant genotypic
interaction effect between the DRD3 Ser9Gly and BDNF ValG6Met
polymorphisms on the midline and associated medial temporal mor-
phology. However, the present study did not find a specific genotypic
effect on brain morphology in schizophrenia, implicating that the
independent or interaction effects of these genetic variations are
uniikely to play a major role in the pathogenesis of schizophrenia.
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