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Table 2. Genotype and allele frequencies of the C —116G polymorphism of the X box-binding protein 1 (XBP1) gene and response for lithium treatment

Genotype distribution

Allele frequency

MH

Response for

pvalue  OR(95% CI)

G/G

OR (95% CI) c/C C/G G/G pvalue C/C,C/G

p value

C

lithium treatment

3.00 (1.05-8.58)

0.037

13

30

0.038

5 25

0.054 2.18 (0.96-3.03)

51

35

Responders (43)

(30.2%)
13

(69.8%)
10

(302%)
13

(58.1%)

(11.6%)

(59.3%)

35

(40.7%)

11

Non-responders (23)

(56.5%)
26

(43.5%)

40

(56.5%)

(39.1%)
26

34

(4.3%)

(76.1%)
86

(23.9%)

46

Total patients (66)

(39.4%)

(60.6 %)

(515%)  (39.4%)

{9.1%)

(65.2%)

(34.8%)

OR, Odds ratio; Cl, confidence interval ; MH, Mantel-Haenszel.
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Table 3. Genotype of the —116C/G polymorphism of the
XBP1 gene and response for valproate treatment in lithium
non-responders

Response for Genotype distribution
valproate xv
treatment C/C C/G G/G p value
Responders (7) 1 2 4 0.53
(143%) (28.6%) (57.1%)
Non-responders (8) 0 3 5
(0%) (37.5%) (62.5%)
Total patients (15) 1 5 9

(6.7%)  (33.3%) (60.0%)

proliferation (Chen et al., 2000; Hallcher and Sherman,
1980; Hashimoto et al., 2002a,b; 2003; Klein and
Melton, 1996). Recently, it has been reported that
chronic lithium treatment increased 78-kDa glucose-
regulated protein (GRP78), a molecular chaperone of
the heat shock protein 70 family, and showed cyto-
protective effects in rat PC12 cells (Hiroi et al., 2005). In
this regard, one of therapeutic actions of lithium might
be associated with reducing ER stress, including signal
transduction by XBP1. Although there was no direct
evidence suggesting that XBP1 is involved in the
pathway of action of lithium, the —116C allele of the
XBP1 gene may contribute to reduce ER stress more
effectively by lithium treatment.

Considering the action of valproate in cells with the
~—116G allele, it is possible that BPD patients with the
—116G allele respond to valproate treatment better
than those with the —116C allele. Therefore, we in-
vestigated the association between valproate response
and the —116C/G polymorphism in non-responders
to lithium treatment using the same criteria as for
lithium response. However, we did not find any as-
sociation in our small sample. It has been reported that
lithium is effective for classical mania, while valproate
is effective for both classical and irritable mania
(Swann et al., 2002). In this context, valproate is likely
to have a wider treatment spectrum than lithium,
which may explain our finding. To clarify the associ-
ation between the —116C/G polymorphism and
freatment response to valproate, an independent and
larger sample should be investigated.

After Kakiuchi et al. (2003) showed that the — 116G
allele was a risk factor of BPD in a Japanese sample,
there have been two negative studies investigating
American and European samples (Cichon et al., 2004),
and a Chinese sample (Hou et al., 2004). Among our
sample, the allele frequency of the —116G allele in



patients (0.65) was closer to that in controls (0.64) than
that in BPD patients (0.71) in Kakiuchi et al.’s report
(2003), although both subjects were of the same eth-
nicity (Japanese). To conclude whether the —116C/G
contributes to the genetic risk factor for BPD in the
Japanese population, larger number of BPD patients of
Japanese origin should be examined.

On the other hand, two positive association studies
between the —116G allele and schizophrenia have
been reported (Chen et al., 2004; Kakiuchi et al., 2004).
It has been reported that schizophrenia and BPD share
several susceptibility loci such as 22q12 where the
XBP1 gene is located (Badner and Gershon, 2002).
Therefore, these studies concerning schizophrenia
might help to identify a shared pathogenesis of these
two mental disorders.

To our knowledge, this is the first report indicating
that long-term lithium treatment was more effective in
BPD patients with the —116C allele on the promoter
region of the XBP1 gene than in those without the
—116C allele. The mechanism of lithium response in
the C allele-carrier patients is still unknown, however,
it may be related to other mechanisms than dysregu-
lation of ER stress response caused by the —116G allele.
The limitations of the current study are retrospective
design and small sample size. The association between
the —116C/G polymorphism and clinical efficacy of
mood stabilizers should be further investigated in a
prospective study with a larger sample.
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Summary. Altered expression of Disrupted-
In-Schizophrenia-1 (DISC1) and dysbindin
(DTNBP1), susceptibility genes for schizo-
phrenia, in schizophrenic brain has been
reported; however, the possible effect of anti-
psychotics on the expression levels of these
genes has not yet been studied. We measured
the mRNA expression levels of these genes
in frontal cortex and hippocampus of mice
chronically treated with typical and atypical
antipsychotics by a real-time quantitative
RT-PCR method. We found that atypical anti-
psychotics, olanzapine and risperidone, in a
clinically relevant dose increased DISC1 ex-
pression levels in frontal cortex, while a typ-
ical antipsychotic, haloperidol, did not. No
significant effect on dysbindin expression
levels was observed in either brain region.
These data suggest that prior evidence of
decreased expression of dysbindin in post-
mortem brain of schizophrenics is not likely
to be a simple artifact of antemortem drug
treatment. Our results also suggest a potential
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role of DISC1 in the therapeutic mechanisms
of certain atypical antipsychotics.

Keywords: Antipsychotic, DISC1, dysbindin,
schizophrenia, gene expression.

Introduction

Schizophrenia is a common neuropsychiat-
ric disorder affecting 0.5-1% of the general
population worldwide. The pathophysiolo-
gy of schizophrenia is still unclear; how-
ever, this disease is highly heritable (Owen
et al.,, 2004). Several genes, e.g. Disrupted-
In-Schizophrenia 1 (DISC1), dysbindin, cate-
chol-O-methyltransferase, neuregulin 1, the
regulator of G-protein signaling-4, GRM3
and G72 have been proposed as susceptibil-
ity genes for schizophrenia (Harrison and
Weinberger, 2005).

The DISC1 gene has initially been iden-
tified at the breakpoint of a balanced translo-
cation (1;11) (q42.1;q14.3), which segregates
with schizophrenia and related psychiatric
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disorders in a large Scottish family (Millar
et al., 2000). Genetic association and linkage
studies have also suggested that the DISC1
gene may be implicated in schizophrenia
in independent populations (Ekelund et al.,
2001, 2004; Hennah et al., 2003; Hodgkinson
et al, 2004; Callicott et al., 2005). The
function of DISCI1 is still unclear, however,
increasing evidence suggests a role in cyto-
skeletal organization, as DISC1 interacting
proteins are associated with the compo-
nents of microtubule and actin (Millar et al.,
2003; Miyoshi et al., 2003; Morris et al.,
2003b; Ozeki et al., 2003). Expression anal-
ysis of DISC1 wusing lymphocytes from
patients in a balanced translocation family
revealed that patients with the breakpoint
expressed lower expression of DISC1 com-
pared with controls, suggesting that lower
levels of DISC1 might be related to the
pathogenesis of schizophrenia (James et al.,
2004). Further recent evidence implicates
DISC1 in transcription regulation (Sawamura
et al.,, 2005).

A significant association between schizo-
phrenia and genetic variation in dysbindin has
been reported in various populations from
Ireland, Wales, Germany/Hungary /Israel,
Sweden, Bulgaria, United States, China, and
Japan (Straub et al., 2002; Schwab et al., 2003;
Tang et al., 2003; Van Den Bogaert et al.,
2003; van den Oord et al., 2003; Funke
et al., 2004; Kirov et al., 2004; Numakawa
et al.,, 2004; Williams et al.,, 2004). One
study, which failed to replicate a positive
association based on single SNPs in an Irish
population, was subsequently positive using
a haplotype strategy (Morris et al., 2003a).
Dysbindin is a binding partner of alpha-
and beta-dystrobrevins, which are parts of
the dystrophin-associated protein complex
(Benson et al., 2001), and is a component
of the biogenesis of lysosome-related organ-
elles complex 1, which regulates trafficking
to lysosome-related organelles (Li et al.,
2003). Recently, dysbindin has been reported
to play roles in glutamate release and in cell

models of neuroprotection, which have also
been hypothesized to be related to the path-
ophysiology of schizophrenia (Numakawa
et al., 2004).

Abnormal expression of DISC1 and dys-
bindin in schizophrenic brain has been re-
ported. The expression ratio of an isoform
of DISC1 was increased within the nuclear
fraction extracted from orbitofrontal cortex
of brains from patients with schizophrenia
and also major depression (Sawamura et al.,
2005) and the mRNA levels of DISC1 tended
to be increased in hippocampus in patients
with schizophrenia (Lipska et al.,, 2004).
The expression levels of dysbindin mRNA
and protein were reduced in the prefrontal
cortex and hippocampus in schizophrenic
brain (McClintock et al., 2003; Talbot et al.,
2004; Weickert et al., 2004). In studies of
schizophrenic postmortem brain, patients
have received antipsychotic medication at
various times in their lives, including in most
cases around the time of death, while control
subjects do not. Thus, possible effects of
antipsychotics on gene expression are an im-
portant potential confounder when interpret-
ing results of postmortem tissue studies of
schizophrenic cases. Here, we examined for
a possible effect of chronic administration of
typical and atypical antipsychotics on the
mRNA expression levels of DISC1 and dys-
bindin in mouse frontal cortex and hippo-
campus.

Materials and methods

Drug preparation

Haloperidol, risperidone and clozapine were purchased
from Sigma-Aldrich (Tokyo, Japan). Olanzapine was a
gift from Eli Lilly and Company Lilly Corporate Center
(Greenfield, IN). Haloperidol was dissolved in glacial
acetic acid solution, diluted with saline up to 1 m! with
adjustment to pH 5.5 with 1 N sodium hydroxide, and
brought to a final concentration of 0.005 or 0.1 mg/ml.
Clozapine was dissolved in glacial acetic acid solution,
diluted with saline up to 1 mi with adjustment to pH 5.5
with 8 N sodium hydroxide, and brought to a final con-
centration of 0.05 or 1 mg/ml. Olanzapine and risper-
idone were dissolved in 1 N acetic acid solution, diluted
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with saline up to 1 ml with adjustment to pH 5.5 with
1N sodium hydroxide, and brought to a final concen-
tration of 0.004 or 1 mg/ml (olanzapine) and 0.0025 or
0.075 mg/ml (risperidone), respectively.

Animals and drug treatment

Male C57BL/6] mice (CLEA, Japan) weighing
20-25 g received once-daily injections intraperitoneally
(ip.) for 21 days with haloperidol (clinical dose:
0.05mg/kg; high dose: 1 mg/kg), olanzapine (clinical
dose: 0.04mg/kg; high dose: 10mg/kg), risperidone
(clinical dose: 0.025mg/kg; high dose: 0.75 mg/kg),
clozapine (clinical dose: 0.5mg/kg; high dose:
10mg/kg), or vehicle (0.1 N acetic acid in saline). This
dose regimen was chosen to simulate the therapeutic
range of doses given to patients (Kapur et al., 2000),
and was shown to be effective in several behavioral and
biochemical studies (Lipska et al., 2001; Parikh et al,,
2004). Haloperidol is a typical (conventional) antipsy-
chotic, whereas the others are termed atypical antipsy-
chotics, which are associated with fewer motor side
effects and possibly greater efficacy. Animals were
sacrificed 20hr after the final injection. Brain regions
were removed, frozen in liquid nitrogen, and stored at
—80°C. The experimental protocols were approved by
the Ethics Review Committee for Animal Experimen-
tation of the National Institute of Neuroscience, Japan.

RNA extraction, DNAse treatment
and reverse transcriptase reaction

Tissues from frontal cortex or hippocampus were
homogenized in 4mol/L. guanidinium isothiocyanate
(containing 25 nmol/L sodium citrate, pH 7.5, and 1%
2-mercaptoethanol), and total RNA was isolated by a
standard phenol-chloroform extraction. The yield of
total RNA determined by the absorbance at 260nm
and the quality of total RNA was also analyzed using
agarose gel electrophoresis.

Total RNA was treated with DNase for removal of
contaminating genomic DNA using DNase Treatment
& Removal Reagents (Ambion, Austin, TX), accord-
ing to the manufacturer’s protocol. Total RNA (3.3 pg)
treated with DNase was used in 50ul of reverse
transcriptase reaction to synthesize cDNA, by using
a SuperScriptll First-Strand Synthesis System for
RT-PCR (Invitrogen, Carlsbad, CA), according to the
manufacturer’s protocol. Briefly, total RNA (3.3 pug)
was denatared with 1 mM of dANTP and 6ng/pl of
random primers at 65°C for 5min. After addition of
RT buffer, dithiothreitol (10 mM in final concentration),
RNAsin Plus RNase Inhibitor (40 units) and Super-
Scriptll RT (200 units), the reaction mixture was incu-
bated at 25°C for 10min, at 42°C for 40 min, and at
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70°C for 15min. RNAse H (2 units) was added to the
reaction mixture and then incubated at 37°C for 20 min.

Real-time quantitative PCR

The TagMan® Endogenous Controls (Applied Biosys-
tems, Foster City, CA) were used for measurements of
house keeping genes, B-actin (Mm00607939_s1) and
GAPDH (Mm99999915_q1). TagMan® Gene Expres-
sion Assays (Applied Biosystems) were used for DISC1
(Mm00533313_m1) and dysbindin (Mm00458743_m1)
genes. Both TagMan assay kits included optimized con-
centrations of primers and probes to detect the target
gene expression. The levels of mRINA expression of
these genes were measured by a real-time quantitative
RT-PCR using an ABI Prism 7900 sequence detection
system with 384-well format (Applied Biosystems),
described previously (Hashimoto et al., 2004). Briefly,
each 20pl PCR reaction mixture contained 6pl of
cDNA, 0.5 pl of TagMan assay kit and 10 ul of TagMan
Universal PCR Mastermix (Applied Biosystems). PCR
cycling conditions were: 50°C for 2 minutes, 95°C
for 10 minutes, 40 cycles of 95°C for 15 seconds and
60°C for 1 minute. PCR data were obtained with the
Sequence Detector Software (SDS version 2.1, Applied
Biosystems) and quantified by a standard curve meth-
od. Standard curves were prepared using serial dilu-
tions (1:4) of pooled cDNA from total RNA derived
from whole brain of three mice.

Statistical analysis

An analysis of variance (ANOVA) was used to compare
gene expression levels between drug treatment groups
with SPSS 11.0J for Windows (SPSS Japan Inc, Tokyo,
Japan). Bonferroni post hoc comparisons were per-
formed when applicable. Statistical significance was
defined at p<0.05.

Results

The expression levels of the two standard
“housekeeping’ genes, B-actin and GAPDH
in frontal cortex and hippocampus of control
mice and mice treated with typical or atypi-
cal antipsychotics for three weeks in clinical
or high dose are shown in Table 1. The ex-
pression levels of both genes in frontal cortex
and hippocampus were not significantly in-
fluenced by drug treatments at clinical dosing
(all p values >0.4, ANOVA), however, there
was a significant drug treatment effect on
expression of the two house keeping genes
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at high dosing (frontal cortex: B-actin, F4, g9 =
3.97, p=0.006, GAPDH, F; 60=5.73, p=
0.001; hippocampus: B-actin, F,; ¢; =3.42,
p=0.014, GAPDH, F4 _¢; =2.79, p=0.034).
Post hoc analysis revealed that the expression
levels of B-actin and/or GAPDH were signif-
icantly decreased in mice received clozapine
or olanzapine in high dose. Body weight
loss or lower level of body weight gain after
three weeks of drug administration was also
observed in clozapine or olanzapine treated
mice in high dose compared with control
mice (body weights change =+ standard de-
viation for clozapine: —0.73+0.51g, p=
0.00005; olanzapine: 0.67 +-0.81 g, p = 0.083,
control: 1.574+1.62g), while no signifi-
cant difference was observed at the clini-
cal dose (clozapine: 2.54+1.02g, p=0.13;
olanzapine: 2.31 +0.88 g, p =0.19; control:
1.57+1.62g). These results suggest that
olanzapine and clozapine treatment in high
dose might affect the general health of mice,
which could result in the altered expression
levels of house keeping genes. Thus, we
focused on possible effects on the gene ex-
pression levels of DISC1 and dysbindin at the
clinical dose only.

The expression levels of DISC1 mRNA
normalized by P-actin and GAPDH (to re-
duce effects of possible mRNA degrada-
tion not detectable by electrophoresis and
possible variations in RT efficiency) in fron-
tal cortex of mice administrated with a
typical antipsychotic (haloperidol) or atyp-
ical antipsychotics (olanzapine, risperidone,
clozapine) at the clinical dose are shown
in Fig. 1. Analysis of the DISC1 expression
demonstrated significant effects of drug treat-
ments (normalized by P-actin, Fy 53 =16.41,
p<0.001, or GAPDH, F4 53=525, p=
0.001). Post hoc analysis revealed that DISC1
expression levels were increased by treat-
ments with atypical antipsychotics, olanza-
pine (normalized by p-actin: 36%, p=
0.0029; or GAPDH: 64%, p=0.016) and
risperidone (normalized by -actin: 39%,
p=0.0077; or GAPDH: 55%, p=0.0031)
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Fig. 1. Relative expression levels of DISC1 in frontal
cortex in clinical dose. DISC1 mRNA expression
levels normalized by B-actin or GAPDH in control
mice (treated with vehicle: VEH) and mice treated
with haloperidol (HPD), olanzapine (OZP) risperidone
(RPD), or clozapine (CZP) are shown. Expression
levels were calculated by comparison to percentage
of average of those of control mice. Data are the
means + SEM from 19 control mice or mice treated
with HPD (n=10), OZP (n=10), RPD (n=10) or
CZP (n=9). *p<0.05, **p<0.01, compared with
the control group. #p < 0.05, compared with the halo-
peridol treated group

compared with the control group. No signifi-
cant difference of DISC1 expression levels
was observed after treatment with the typical
antipsychotic (haloperidol). Elevated expres-
sion levels of the DISC1 gene normalized by
B-actin were also found in olanzapine (36%,
p =0.013) and risperidone (39%, p=0.028)
treatment groups compared with haloperidol.
Similar trends were obtained after normaliza-
tion with GAPDH (olanzapine: 45%, p=
0.095; risperidone: 37%, p=0.30). Treat-
ment with clozapine tended to increase the
expression levels of the DISC1 gene com-
pared with control group, although they did
not reach statistical significance.

The expression levels of DISC1 mRNA
normalized by B-actin and GAPDH in hippo-
campus of mice administrated with a typical
antipsychotic or atypical antipsychotics at
the clinical dose are shown in Fig. 2. Analy-
sis of the DISC1 expression in hippocampus
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Fig. 2. Relative expression levels of DISCI in hip-
pocampus in clinical dose. DISC1 mRNA expression
levels normalized by B-actin or GAPDH in control
mice (treated with vehicle: VEH) and mice treated
with haloperidol (HPD), olanzapine (OZP) risperidone
(RPD), or clozapine (CZP) are shown. Expression
levels were calculated by comparison to percentage
of average of those of control mice. Data are the
means 3= SEM from 19 control mice or mice treated
with HPD (n=10), OZP (n=10), RPD (n=10) or
CZP (n=9). ***p<0.001, compared with the control
group. ##p<0.01, compared with the haloperidol
treated group

demonstrated significant effects of drug
treatments (normalized by B-actin, Fy s3=
6.09, p<0.001, or GAPDH, Fj 53=2.82,
p=0.034). In post hoc analysis, DISC1
expression levels normalized by B-actin were
significantly increased by the atypical anti-
psychotic, olanzapine, compared with control
(39%, p=0.0006) or haloperidol (29%,
p=0.0054) and similar trend was observed
in risperidone compared with control (25%,
p=0.079). On the other hand, a slight in-
crease of DISC1 expression was also found
when normalizing by GAPDH (olanzapine
vs control: 37%, p=10.094; olanzapine vs
haloperidol: 29%, p=0.23; risperidone vs
control: 29%, p =0.39), which did not reach
statistical significance. No effect of halo-
peridol or clozapine treatment was found
in either normalization. These findings sug-
gest that the mRNA expression levels of
the DISC1 gene are increased by the chronic
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Fig. 3. Relative expression levels of dysbindin in fron-
tal cortex in clinical dose. Dysbindin mRNA expres-
sion levels normalized by B-actin or GAPDH in
control mice (treated with vehicle: VEH) and mice
treated with haloperidol (HPD), olanzapine (OZP) ris-
peridone (RPD), or clozapine (CZP) are shown. Ex-
pression levels were calculated by comparison to
percentage of average of those of control mice. Data
are the means & SEM from 19 control mice or mice
treated with HPD (n=10), OZP (n=10), RPD
(n=10) or CZP (n=9)

administration of some atypical antipsy-
chotics in frontal cortex and possibly in
hippocampus.

The expression levels of dysbindin mRNA
normalized by B-actin and GAPDH in frontal
cortex and hippocampus of mice adminis-
tered treatment with a typical antipsychotic
or atypical antipsychotics at the clinical dose
are shown in Figs. 3 and 4. Dysbindin gene
expression normalized by either B-actin or
GAPDH in frontal cortex or hippocampus
did not significantly differ between the
treatment groups (frontal cortex: GAPDH,
F4 s3=1.45, p=0.23; hippocampus: B-actin,
F4, 53=0.64, p=064, GAPDH, Fq., 53 =
0.46, p=0.77), except for that in frontal
cortex normalized by B-actin (F, s3=3.68,
p=0.01). However, post hoc analysis demon-
strated no significant difference in dysbindin
expression in frontal cortex normalized
by P-actin in any of the drug treatments,
although there were trends towards slightly
decreased expression of dysbindin in mice

187



Antipsychotics and expression analysis of DISC1 and dysbindin

Normalized Normalized
. by B-actin D by GAPDH
i 200 |
>
2
S = 150
2 S
o<
g8 100 -
@5
£ e
5
e~ &0
s
7]
>
.U 0 L 1 3 .
VEH HPD OZP RPD CzP

Fig. 4. Relative expression levels of dysbindin in hip-
pocampus in clinical dose. Dysbindin mRNA expres-
sion levels normalized by B-actin or GAPDH in
control mice (treated with vehicle: VEH) and mice
treated with haloperidol (HPD), olanzapine (OZP) ris-
peridone (RPD), or clozapine (CZP) are shown. Ex-
pression levels were calculated by comparison to
percentage of average of those of control mice. Data
are the means + SEM from 19 control mice or mice
treated with HPD (n=10), OZP (n=10), RPD
(n=10) or CZP (n=9)

treated with haloperidol, compared with con-
trol (14%, p=0.074) and in mice treated
with risperidone (16%, p=0.094). These
data suggest that administration of typical
and atypical antipsychotics do not have a
consistent influence on mRNA expression
levels of the dysbindin gene in frontal cortex
or in hippocampus.

Discussion

In this study, we have measured mRNA
expression levels of two susceptibility genes
for schizophrenia, DISC1 and dysbindin, in
frontal cortex and hippocampus using a real-
time quantitative RT-PCR in mice treated
chronically with typical or atypical anti-
psychotics. We found preliminary evidence
that the expression levels of DISC1 may be
altered by treatment with the atypical agents
in frontal cortex and possibly in hippocam-
pus and that the expression levels of dys-
bindin may not be changed under these
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conditions. Upregulation of DISC1 mRNA
in frontal cortex by olanzapine and risperi-
done was observed in both normalizations
by B-actin and GAPDH, however, that in hip-
pocampus by olanzapine was found only in
normalization by B-actin. As DISC1 has been
shown to interact with actin (Miyoshi et al.,
2003), it is possible that the DISC1 mRNA
expression level normalized by B-actin in
hippocampus may be somehow affected
by the interaction. Upregulation of DISC1
mRNA in hippocampus by atypical antipsy-
chotics appears to be marginal while that in
frontal cortex is more apparent. As DISC1
expression is dominant in hippocampus com-
pared with frontal cortex (Miyoshi et al.,
2003), there is a possibility that this differ-
ential expression of DISC1 might affect the
degree of the upregulation of DISC1 mRNA
by the atypical antipsychotics.

Specifically, there was an increase of
DISC1 expression levels after treatment with
olanzapine and risperidone and possibly
with clozapine in a simulated clinical dose
in frontal cortex. As consistent results were
obtained from normalization of the DISC1
expression by two house keeping genes, our
findings would seem to be robust at least in
comparison to results that might have been
based on using only one control gene. How-
ever, it should be noted that there were some
effects of antipsychotics on housekeeping
gene expression, though largely nonsignifi-
cant. It is conceivable that some of the effect
on our measures of DISC1 expression could
be exaggerated by these effects on our con-
trol genes, as significant effects of drug treat-
ments on the raw expression levels of DISC1
(non-normalized) were not observed in either
frontal cortex or hippocampus (data not
shown). Our data raise the possibility that
DISC1 may be involved in the treatment of
schizophrenia. However, as our study did not
include the measurement of DISC1 proteins,
or expression in other brain regions, or
of treatment with other psychotropic drugs,
further work is necessary to clarify whether
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changes in DISC1 mRNA impact on protein
expression and are specific for brain regions
and psychotropic drugs. It also should be
noted that we measured expression only
of the common transcript for both of these
genes. It is not currently known whether schi-
zophrenia involves alternate processing of
these genes into disease related transcripts
or isoforms and we cannot rule out that treat-
ment may impact on variable splicing or pro-
cessing of these genes.

A balanced translocation in the DISC1
gene segregates with schizophrenia and other
major psychiatric illnesses in a Scottish
family (Millar et al., 2000). However, little
is known about how the translocation affects
the expression and/or function of the DISC1
gene. DISC1 protein expression in lym-
phoblasts derived from the family member
with the translocation was observed to be
decreased but the mutant truncated form
of DISC1, which should be produced by the
translocation, was not found (James et al.,
2004). It is unknown whether the expression
of DISC1 in brains of the family members is
altered or not, however, this observation in
peripheral cells suggested that the transloca-
tion might decrease the expression of DISC1.
Alternatively, mutant truncated form of
DISC1, which has been shown to play a role
in inhibiting neurite outgrowth (Ozeki et al.,
2003), might down-regulate the DISC1 pro-
tein expression and/or function. These find-
ings suggest that reduced expression of
DISC1 in brain might be expected in schizo-
phrenic brain if DISCI is involved in the
pathogenesis of schizophrenia. On the other
hand, gross expression levels of DISC1 pro-
tein have not been found to be changed in
frontal cortex in patients with schizophrenia
(Sawamura et al., 2005) and expression
levels of DISC1 mRNA tended to be in-
creased in hippocampus of schizophrenia
patients (Lipska et al., 2004). Our data sug-
gest that increased expression of DISC1
mRNA may be, at least in part, related to
treatment with some atypical antipsychotics.

Evidence that dysbindin is associated
with schizophrenia is now quite strong, al-
though no functional mutation in dysbindin
gene has yet been identified. Recent postmor-
tem studies have found decreased expression
of dysbindin mRNA and protein in hippo-
campus and frontal cortex in schizophrenic
patients (McClintock et al, 2003; Talbot
et al., 2004; Weickert et al., 2004). In con-
trast to our data with DISC1, we found no
consistent pattern of altered dysbindin ex-
pression in hippocampus and frontal cortex
following antipsychotic treatment.

Knowledge about protein functions of
DISC1 and dysbindin is insufficient, how-
ever, we discuss a possibility how these
genes affect the mechanisms of schizophre-
nia. As DISC1 has a prominent role in the
neurite extension and its expression is devel-
opmentally regulated (Ozeki et al., 2003),
upregulation of DISC1 could support the
maturation of dendritic spine, which is be-
lieved to be affected in schizophrenia. As
dysbindin promotes glutamate release in
neuronal culture (Numakawa et al., 2004),
reduced expression of dysbindin in schizo-
phrenic brain could be relevant to glutama-
tergic dysfunction, which has been implicated
in the pathophysiology of schizophrenia.

In summary, our findings offer prelim-
inary evidence that altered expression of
DISC1 may be caused by certain antipsycho-
tic drugs, suggesting a role for DISC1 in
therapeutic actions of these drugs. Additional
studies are warranted to examine DISC1
and dysbindin expression, including western
blotting analysis, in situ hybridization, im-
munohistochemistry, and the effect of other
psychotropic drugs.

Acknowledgements

We wish to thank Mr. H. Yamanaka for advice on
measurement of mRNA expression. This work was
supported in part by Grants-in-Aid from the Japanese
Ministry of Health, Labor and Welfare, the Japanese
Ministry of Education, Culture, Sports, Science and
Technology, Takeda Science Foundation and Japan
Foundation for Neuroscience and Mental Health.

189



Antipsychotics and expression analysis of DISC1 and dysbindin

References

Benson MA, Newey SE, Martin-Rendon E, Hawkes R,
Blake DJ (2001) Dysbindin, a novel coiled-coil-
containing protein that interacts with the dystro-
brevins in muscle and brain. J Biol Chem 276:
2423224241

Callicott JH, Straub RE, Pezawas L, Egan MF,
Mattay VS, Hariri AR, Verchinski BA, Meyer-
Lindenberg A, Balkissoon R, Kolachana B,
Goldberg TE, Weinberger DR (2005) Variation
in DISC1 affects hippocampal structure and func-
tion and increases risk for schizophrenia. Proc Natl
Acad Sci USA 102: 8627~8632

Ekelund J, Hennah W, Hiekkalinna T, Parker A,
Meyer J, Lonngvist J, Peltonen L (2004) Replica-
tion of 1g42 linkage in Finnish schizophrenia pedi-
grees. Mol Psychiatry 9: 1037-1041

Ekelund J, Hovatta 1, Patker A, Paunio T, Varilo T,
Martin R, Suhonen J, Ellonen P, Chan G, Sinsheimer
IS, Sobel E, Juvonen H, Arajarvi R, Partonen T,
Suvisaari J, Lonngvist J, Meyer J, Peltonen L
(2001) Chromosome 1 loci in Finnish schizophrenia
families. Hum Mol Genet 10: 1611-1617

Funke B, Finn CT, Plocik AM, Lake S, DeRosse P,
Kane JM, Kucherlapati R, Malhotra AK (2004)
Association of the DTNBP1 locus with schizo-
phrenia in a U.S. population. Am J Hum Genet
75: 891-898

Harrison PJ, Weinberger DR (2005) Schizophrenia
genes, gene expression, and neuropathology: on
the matter of their convergence. Mol Psychiatry 10:
40-68

Hashimoto R, Straub RE, Weickert CS, Hyde TM,
Kleinman JE, Weinberger DR (2004) Expression
analysis of neuregulin-1 in the dorsolateral pre-
frontal cortex in schizophrenia. Mol Psychiatry 9:
299-~307

Hennah W, Varilo T, Kestila M, Paunio T, Arajarvi R,
Haukka J, Parker A, Martin R, Levitzky S,
Partonen T, Meyer J, Lonnqvist J, Peltonen L,
Ekelund J (2003) Haplotype transmission analysis
provides evidence of association for DISCI to
schizophrenia and suggests sex-dependent effects.
Hum Mol Genet 12: 3151-3159

Hodgkinson CA, Goldman D, Jaeger J, Persaud S,
Kane JM, Lipsky RH, Malhotra AK (2004) Dis-
rupted in schizophrenia 1 (DISC1): association
with schizophrenia, schizoaffective disorder, and
bipolar disorder. Am J Hum Genet 75: 862872

James R, Christie S, Buchanan SR, Porteous DJ,
Millar JK (2004) Investigation of the cellular
function of DISC1, a susceptibility gene for psy-
chiatric illness. Program No 3476 2004 Abstract
Viewer/Itinerary Planner. Society for Neuro-
science, Washington, DC

190

Kapur S, Wadenberg ML, Remington G (2000) Are
animal studies of antipsychotics appropriately
dosed? Lessons from the bedside to the bench.
Can J Psychiatry 45: 241-246

Kirov G, lvanov D, Williams NM, Preece A, Nikolov 1,
Milev R, Koleva S, Dimitrova A, Toncheva D,
O’Donovan MC, Owen MJ (2004) Strong evidence
for association between the dystrobrevin binding
protein 1 gene (DTNBP1) and schizophrenia in 488
parent-offspring trios from Bulgaria. Biol Psychia-
try 55: 971-975

Li W, Zhang Q, Oiso N, Novak EK, Gautam R,
O’Brien EP, Tinsley CL, Blake DJ, Spritz RA,
Copeland NG, Jenkins NA, Amato D, Roe BA,
Starcevic M, Dell’Angelica EC, Elliott RW,
Mishra V, Kingsmore SE, Paylor RE, Swank RT
(2003) Hermansky-Pudlak syndrome type 7
(HPS-7) results from mutant dysbindin, a member
of the biogenesis of lysosome-related organelles
complex 1 (BLOC-1). Nat Genet 35: 84—-89

Lipska BK, Khaing ZZ, Weickert CS, Weinberger DR
(2001) BDNF mRNA expression in rat hippocam-
pus and prefrontal cortex: effects of neonatal ven-
tral hippocampal damage and antipsychotic drugs.
Eur J Neurosci 14: 135-144

Lipska BK, Horowitz C, Peters T, Weickert CS,
Hyde TM, Egan MF, Callicott JH, Straub RE,
Kleinman JE, Weinberger DR (2004) Expression
of DISC1 in schizophrenia. Program No 1098
2004 Abstract Viewer/Itinerary Planner. Society
for Neuroscience, Washington, DC

McClintock W, Shannon Weickert C, Halim ND,
Lipska BK, Hyde TM, Herman MM, Weinberger
DR, Kleinman JE, Straub RE (2003) Reduced ex-
pression of dysbindin protein in the dorsolateral
prefrontal cortex of patients with schizophrenia.
Program No 3179 2003 Abstract Viewer/ltinerary
Planner. Society for Neuroscience, Washington, DC

Millar JK, Christie S, Porteous DJ (2003) Yeast two-
hybrid screens implicate DISC1 in brain develop-
ment and function. Biochem Biophys Res Commun
311: 1019-1025

Millar JK, Wilson-Annan JC, Anderson S, Christie S,
Taylor MS, Semple CA, Devon RS, Clair DM,
Muir WJ, Blackwood DH, Porteous DJ (2000)
Disruption of two novel genes by a translocation
co-segregating with schizophrenia. Hum Mol
Genet 9: 1415-1423

Miyoshi K, Honda A, Baba K, Taniguchi M, Oono K,
Fujita T, Kuroda S, Katayama T, Tohyama M
(2003) Disrupted-In-Schizophrenia 1, a candidate
gene for schizophrenia, participates in neurite out-
growth. Mol Psychiatry 8: 685-694

Morris DW, McGhee KA, Schwaiger S, Scully P,
Quinn J, Meagher D, Waddington JL, Gill M,



S. Chiba et al.: Antipsychotics and expression analysis of DISC1 and dysbindin

Corvin AP (2003a) No evidence for association of
the dysbindin gene [DTNBP1] with schizophrenia
in an Irish population-based study. Schizophr Res
60: 167-172

Morris JA, Kandpal G, Ma L, Austin CP (2003b)
DISC1 (Disrupted-In-Schizophrenia 1) is a cen-
trosome-associated protein that interacts with
MAPI1A, MIPT3, ATF4/5 and NUDEL.: regulation
and loss of interaction with mutation. Hum Mol
Genet 12: 1591-1608

Numakawa T, Yagasaki Y, Ishimoto T, Okada T,
Suzuki T, Iwata N, Ozaki N, Taguchi T,
Tatsumi M, Kamijima K, Straub RE, Weinberger
DR, Kunugi H, Hashimoto R (2004) Evidence of
novel neuronal functions of dysbindin, a suscept-
ibility gene for schizophrenia. Hum Mol Genet 13:
2699-2708

Owen MIJ, Williams NM, O’Donovan MC (2004) The
molecular genetics of schizophrenia: new findings
promise new insights. Mol Psychiatry 9: 14-27

Ozeki Y, Tomoda T, Kleiderlein J, Kamiya A, Bord L,
Fujii K, Okawa M, Yamada N, Hatten ME,
Snyder SH, Ross CA, Sawa A (2003) Disrupted-
in-Schizophrenia-1 (DISC-1): mutant truncation
prevents binding to NudE-like (NUDEL) and inhi-
bits neurite outgrowth. Proc Natl Acad Sci USA
100: 289-294

Parikh V, Terry AV, Khan MM, Mahadik SP (2004)
Modulation of nerve growth factor and choline
acetyltransferase expression in rat hippocampus
after chronic exposure to haloperidol, risperidone,
and olanzapine. Psychopharmacology (Berl) 172:
365-374

Sawamura N, Sawamura-Yamamoto T, Ozeki Y,
Ross CA, Sawa A (2005) A form of DISC]1 en-
riched in nucleus: altered subcellular distribu-
tion in orbitofrontal cortex in psychosis and
substance/alcohol abuse. Proc Natl Acad Sci
USA 102: 1187-1192

Schwab SG, Knapp M, Mondabon S, Hallmayer J,
Borrmann-Hassenbach M, Albus M, Lerer B,
Rietschel M, Trixler M, Maier W, Wildenauer DB
(2003) Support for association of schizophrenia
with genetic variation in the 6p22.3 gene, dysbin-
din, in sib-pair families with linkage and in an
additional sample of triad families. Am J Hum
Genet 72: 185-190

Straub RE, Jiang Y, MacLean CJ, Ma Y, Webb BT,
Myakishev MV, Harris-Kerr C, Wormley B, Sadek
H, Kadambi B, Cesare AJ, Gibberman A, Wang X,

O’Neill FA, Walsh D, Kendler KS (2002)
Genetic variation in the 6p22.3 Gene DTNBPI,
the human ortholog of the mouse dysbindin gene, is
associated with schizophrenia. Am J Hum Genet
71: 337-348

Talbot K, Eidem WL, Tinsley CIL, Benson MA,
Thompson EW, Smith RJ, Hahn CG, Siegel SJ,
Trojanowski JQ, Gur RE, Blake DJ, Amold SE
(2004) Dysbindin-1 is reduced in intrinsic, gluta-
matergic terminals of the hippocampal formation in
schizophrenia. J Clin Invest 113: 1353-1363

Tang JX, Zhou J, Fan JB, Li XW, Shi YY, Gu NF,
Feng GY, Xing YL, Shi JG, He L (2003) Family-
based association study of DTNBP1 in 6p22.3 and
schizophrenia. Mol Psychiatry 8: 717-718

Van Den Bogaert A, Schumacher J, Schulze TG,
Otte AC, Ohlraun S, Kovalenko S, Becker T,
Freudenberg J, Jonsson EG, Mattila-Evenden M,
Sedvall GC, Czerski PM, Kapelski P, Hauser J,
Maier W, Rietschel M, Propping P, Nothen MM,
Cichon S (2003) The DTNBP1 (dysbindin) gene
contributes to schizophrenia, depending on fami-
ly history of the disease. Am J Hum Genet 73:
1438-1443

van den Oord EJ, Sullivan PF, Jiang Y, Walsh D,
O’Neill FA, Kendler KS, Riley BP (2003) ldenti-
fication of a high-risk haplotype for the dystrobre-
vin binding protein 1 (DTNBP1) gene in the Irish
study of high-density schizophrenia families. Mol
Psychiatry 8: 499-510

Weickert CS, Straub RE, McClintock BW, Matsumoto
M, Hashimoto R, Hyde TM, Herman MM,
Weinberger DR, Kleinman JE (2004) Human dys-
bindin (DTNBP1) gene expression in normal brain
and in schizophrenic prefrontal cortex and mid-
brain. Arch Gen Psychiatry 61: 544555

Williams NM, Preece A, Morris DW, Spurlock G,
Bray NJ, Stephens M, Norton N, Williams H,
Clement M, Dwyer S, Curran C, Wilkinson J,
Moskvina V, Waddington JL, Gill M, Corvin AP,
Zammit S, Kirov G, Owen MJ, O’Donovan MC
(2004) ldentification in 2 independent samples of a
novel schizophrenia risk haplotype of the dystro-
brevin binding protein gene (DTNBP1). Arch Gen
Psychiatry 61: 336-344

Authors’ address: Dr. R. Hashimoto, National Insti-
tute of Neuroscience, National Center of Neurology
and Psychiatry, 4-1-1 Ogawahigashi, Kodaira, Tokyo
187-8502, Japan, e-mail: rhashimo@ncnp.go.jp

191



DOI 10.1007/s00702-006-0436-3
J Neural Transm (2006) 113: 1569-1573

__Journal of _
Neural
Transmission

Printed in Austria

Possible association between nonsynonymous polymorphisms
of the anaplastic lymphoma kinase (ALK) gene and schizophrenia
in a Japanese population

Short Communication

H. Kunugil, R. Hashimoto!, T. Okada!, H. Hori!, T. Nakabayashi?, A. Baba2,
K. Kudo?, M. Omori?, S. Takahashi?, R. Tsukue?, K. Anami?,
N. Hirabayashi?, A. Kosuga®, M. Tatsumi>*, K. Kamijima3, T. Asada?3,
S. Harada?, K. Arima?, and O. Saitoh?

1Department of Mental Disorder Research, National Institute of Neuroscience,
National Center of Neurology and Psychiatry, Tokyo,
2 Department of Psychiatry, National Center of Neurology and Psychiatry Musashi Hospital, Tokyo,
3 Department of Psychiatry, Showa University School of Medicine, Tokyo, Japan
4 Yokohama Shinryo Clinic, Yokohama, Kanagawa, and
5 Department of Psychiatry, Institute of Clinical Medicine, University of Tsukuba, Tsukuba, Japan

Received July 2, 2005; accepted January 7, 2006
Published online April 11, 2006; © Springer-Verlag 2006

Summary. We examined, for the first time,
the possible association between schizophre-
nia and the anaplastic lymphoma kinase
(ALK) gene which plays an important role
in neurodevelopment. When two nonsyn-
onymous polymorphisms (Argl491Lys and
Glul529Asp) were examined, there were sig-
nificant differences in genotype and allele
distributions between patients and controls.
Individuals homozygous for the minor allele
(1491Lys—1529Asp) were more common in
patients than in controls (p=0.0064, odds
ratio 2.4, 95% CI 1.3-4.6). These results sug-
gest that genetic variations of the ALK gene
might confer susceptibility to schizophrenia.

Keywords: Schizophrenia, anaplastic lym-
phoma kinase (ALK), single nucleotide poly-
morphism (SNP), association, susceptibility.
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Introduction

Growing evidence has suggested that alter-
ations of neurotrophic factors may be involved
in the morphological, cytoarchitectural and
neurobiochemical abnormalities in the brain
of schizophrenic patients (Thome et al., 1998;
Durany and Thome, 2004). Anaplastic lym-
phoma kinase (ALK) was originally identified
as an oncogene activated in anaplastic large
cell lymphomas with chromosomal transloca-
tion t (2;5) (Morris et al., 1994; Shiota et al.,
1994). Subsequent cloning of the ALK gene
revealed that it encodes a receptor-type pro-
tein tyrosine kinase (RTK) of the insulin
receptor family (Iwahara et al., 1997; Morris
et al., 1997). Neurotrophic factors exert their
effects through binding to RTKs and play an
important role in neurodevelopment such as
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differentiation, proliferation, survival, and
synaptic formation. Indeed, ALK was found
to be a receptor for heparin-binding growth
factors, midkine (Stoica et al., 2002) and
pleiotrophin (Stoica et al., 2001). Midkine
and pleiotrophin show approximately 50%
identity in amino acid sequence and share the
same genomic organization. These proteins
play an important role in early neurogenesis,
neurite outgrowth, nerve cell migration, and
neuroprotection (reviewed by Kadomatsu and
Muramatsu, 2004). Of note, a recent study
reported alterations in serum midkine levels
in patients with schizophrenia (Shimizu et al.,
2003).

ALK is expressed almost exclusively in
perinatal neural cells. In the central nervous
system, it is highly expressed in diencepha-
lons, midbrain, and the ventral half of the
spinal cord. After birth, its expression de-
creases; however, it persists to be expressed
in some regions such as the thalamus, ol-
factory bulb, and midbrain (Iwahara et al.,
1997). These brain regions have been impli-
cated in the pathophysiology of schizophre-
nia (e.g., Moberg and Turetsky, 2003;
Clinton and Meador-Woodruff, 2004). The
ALK gene is, therefore, a good candidate
gene for association analysis with schizo-
phrenia. To our knowledge, however, there
is no study examining the possible associa-
tion between the ALK gene and schizophre-
nia. The ALK gene maps to chromosome
2p23 (Morris et al., 1994). We searched for
ponsynonymous single nucleotide polymor-
phisms (SNPs) in the ALK gene in silico
and found only 2 common SNPs which have
been well validated: a nucleotide substitution
(G>A: NCBI SNP ID 1s1881420) resulting
in an amino acid change of Argl491Lys
(amino acid numbering is according to NCBI
protein data base accession NP_004295) and
G>C (rs1881421) resulting in Glul529Asp.
Since these polymorphisms may alter func-
tions of ALK protein, we performed an asso-
ciation study between these polymorphisms
and schizophrenia.

H. Kunugi et al.

Materials and methods

Subjects

Subjects were 300 patients with schizophrenia (154
males, mean age of 45.3 years [SD 14.3]) and 308
healthy controls (140 males, 39.8 years [SD 11.5]).
All subjects were biologically unrelated Japanese and
recruited from the same geographical area (Western
part of Tokyo Metropolitan). Consensus diagnosis by
at least two psychiatrists was made for each patient
according to the Diagnostic and Statistical Manual
of Mental Disorders, 4™ edition (DSM-1V) criteria
(American Psychiatric Association, 1994) on the basis
of unstructured interviews and information from med-
ical records. The controls were healthy volunteers
recruited from hospital staffs and their associates. They
were interviewed and those individuals who had current
or past history of psychiatric treatment were not
enrolled in the study.

The study was performed in compliance with the
Code of Ethics of the World Medical Association
(Declaration of Helsinki). After description of the
study, written informed consent was obtained from
every subject. The study protocol was approved by
the ethics committees at the Showa University School
of Medicine and the National Center of Neurology and
Psychiatry, Japan.

Genotyping

Venous blood was drawn from the subjects and geno-
mic DNA was extracted from whole blood according to
the standard procedures. The index SNPs (rs1881420
and rs1881421) were genotyped using the TagMan
5'-exonuclease allelic discrimination assay, as described
previously (Hashimoto et al., 2004, 2005). Primers and
probes for detection of the SNPs were as follows:
5'-TTCTCTCAGTCCAACCCTCCTT-3' (forward prim-
er), 5'-CTGGTGGGCTTGTTTCTGGAT-3 (reverse
primer), 5-VIC-TTGCACAAGGTCCAC-MGB-3'
(probe 1), and 5'-FAM-TGCACAGGGTCCAC-MGB-3
(probe 2) for rs1881420; 5-AGAGAAACCC
ACCAAAAAGAATAATCCT-3 (forward primer),
5’-GTTAGGTGGGACAGTACAGCTT-3' (reverse prim-
er), 5-VIC-CAGGTTACCCCTGTCGTGT-MGB-3'
(probe 1), and 5'-FAM-CAGGTTACCCCTCTCGTGT-
MGB-3' (probe 2) for rs1881421. Thermal cycling for
polymerase chain reaction (PCR) were 1 cycle at 95°C
for 10 minutes followed by 50 cycles of 92°C for 15
seconds and 60°C for 1 minute. Genotype data were
read blind to the case-control status.

Statistical analysis

The presence of Hardy-Weinberg equilibrium was
examined by using the y* test for goodness of fit.
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Table 1. Genotype distributions and allele frequencies of the Glul529Asp polymorphism of the ALK gene
(rs1881421) in patients with schizophrenia and controls

Genotype distribution

Allele frequency

N Glu/Glu Glu/Asp Asp/Asp N Glu Asp
Patients 300 141 (47%) 128 (43%) 31 (10%) 600 410 (68%) 190 (32%)
Controls 308 171 (55%) 123 (40%) 14 (5%) 616 465 (75%) 151 (25%)

Genotype and allele distributions were compared
between patients and controls by using the ¥ test for
independence. All p-values reported are two-tailed.

Results

Nearly all the subjects except for three
(99.5%) had the same genotype for the two
SNPs of 151881420 and rs1881421, i.e., geno-
types of G/G, G/A, and A/A in the former
corresponded to those of G/G, G/C, and
C/C in the latter. Thus, we show results of
statistical analyses for the SNP rsi881421
(Glul529Asp) only. Genotype distributions
and allele frequencies in patients and controls
are shown in Table 1. The genotype distri-
bution was not significantly deviated from
Hardy-Weinberg equlhbnum for patients and
controls (pat1ents ¥*>=0.1, df=1, p=0.81;

controls: =19, df=1, p=0.16). There
was a significant difference in the overall ge-
notype distribution between patients and con-
trols (x =9.3, df =2, p=0.0095). Individuals
homozygous for the minor allele (1529Asp)
was significantly more common in patients
than in controls (y>=7.4, df =1, p=0.0064,
odds ratio 2.4, 95% CI 1.3-4.6). When allele
frequencies were compared, the 1529Asp
allele was S1gmﬁcantly more frequent in
patients than in controls (x =77, df=1,

p=0.0055, odds ratio 1.4, 95% CI 1.1-1.8).

Discussion

We examined, for the first time, the possible
association between schizophrenia and the
anaplastic lymphoma kinase (ALK) gene
which plays an important role in neurodevel-
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opment such as early neurogenesis, neurite
outgrowth, nerve cell migration, and neuro-
protection. We found that the minor allele
(1529Asp) of the Glu1529Asp polymorphism
(rs1881421) and homozygosity for this allele
were significantly more common in patients
with schizophrenia than in controls. Since
nearly all the subjects had the same genotype
for the other SNP, Arg1491Lys (rs1881420),
the risk alleles constitute a haplotype
1491Lys—1529Asp. Thus, our results suggest
that the 1491Lys—1529Asp haplotype or
its homozygosity may confer susceptibility
to schizophrenia. However, we do not know
whether these nonsynonymous polymor-
phisms do alter functions of the ALK pro-
tein to give susceptibility to schizophrenia.
Accordingly, there remains a possibility that
other polymorphisms, which are in linkage
disequilibrium to these polymorphisms, are
truly responsible for giving susceptibility.
The ALK gene encodes a 1620 amino
acid protein containing a putative 26 amino
acid signal peptide, an extracellular domain
of 1004 amino acid after signal peptide cleav-
age, a transmembrane domain of 28 hydro-
phobic amino acids, a juxtamembrane segment
of 64 amino acids, a catalytic domain (pro-
tein tyrosine kinase domain) of 254 amino
acids, followed by the carboxyl-terminal tail
of 244 amino acids (Morris et al., 1997). The
Argl491Lys and Glul529Asp residues lie
close to a NPTY motif (residue 1504-1507)
in the carboxyl-terminal tail (Morris et al.,
1997). Such motifs mediate the interaction of
RTKs with signaling substrates such as the
insulin receptor substrate-1 and Src homology
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and collagen proteins through the substrates’s
phosphotyrosine binding (PTB) domain (van
der Geer and Pawson, 1995). It is possible
that amino acid changes of Argl491Lys
and Glul529Asp may alter protein structure
and affect functions (e.g., binding to these
substrates).

ALK is a receptor-type protein kinase
(RTK) that is expressed preferentially in neu-
rons of the central and peripheral nervous
systems at late embryonic stages (Iwahara
etal., 1997; Morris et al., 1997). Neurotrophic
factors exert their effects through binding to
RTKs, and ALK is a receptor for heparin-
binding growth factors, midkine and pleio-
trophin (Stoica et al., 2001, 2002). Thus it
is likely that ALK play an important role
in neurodevelopment such as differentiation,
proliferation, survival, neurite outgrowth and
synaptic formation, and alterations of ALK
functions may result in vulnerability to devel-
oping schizophrenia, which accords with the
neurotrophic factor theory of schizophrenia
(Thome et al., 1998; Durany and Thome,
2004). Indeed, alterations in other neuro-
trophic factors such as brain-derived neuro-
trophic factors (BDNF) and neurotrophin-3
have been implicated in schizophrenia (e.g.,
Durany et al., 2001; Nanko et al., 2003;
Hattori et al., 2002).

A limitation in the present study might be
that the obtained evidence for association was
not very strong (p-values of <0.01 level in a
single sample). Replication studies in inde-
pendent samples are required. If our results
are replicated, experiments elucidating the
possible effects of the amino acid substitu-
tions (Argl491Lys and Glul529Asp) on the
ALK protein functions may serve to advance
our understanding of the molecular mecha-
nisms of schizophrenia and may provide clues
to production of new treatment of the illness.
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A complex polymorphic region in the brain-derived
neurotrophic factor (BDNF) gene confers susceptibility
to bipolar disorder and affects transcriptional activity

T Okada', R Hashimoto®, T Numakawa', Y lijima’, A Kosuga?, M Tatsumi??, K Kamijima?, T Kato* and
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Previous studies have suggested that genetic variations in the brain-derived neurotrophic
factor (BDNF) gene may be associated with several neuropsychiatric diseases including
bipolar disorder. The present study examined a microsatellite polymorphism located
approximately 1.0kb upstream of the translation initiation site of the BDNF gene for novel
sequence variations, association with bipolar disorder, and effects on transcriptional activity.
Detailed sequencing analysis revealed that this polymorphism is not a simple dinucleotide
repeat, but it is highly polymorphic with a complex structure containing three types of
dinucleotide repeats, insertion/deletion, and nucleotide substitutions that gives rise to a total
of 23 novel allelic variants. We obtained evidence supporting the association between this
polymorphic region (designated as BDNF-linked complex polymorphic region (BDNF-LCPR))
and bipolar disorder. One of the major alleles (*A1’ allele) was significantly more common in
patients than in controls (odds ratio 2.8, 95% confidential interval 1.5-5.3, P=0.001).
Furthermore, a luciferase reporter gene assay in rat primary cultured neurons suggests that
this risk allele (A1) has a lower-transcription activity, compared to the other alleles. Our results
suggest that the BDNF-LCPR is a functional variation that confers susceptibility to bipolar

disorder and affects transcriptional activity of the BDNF gene.
Molecular Psychiatry advance online publication, 28 March 2006; doi:10.1038/sj.mp.4001822

Keywords: association study; brain-derived neurotrophic factor (BDNF); bipolar disorder;
polymorphism; susceptibility; transcriptional activity

Introduction

Brain-derived neurotrophic factor (BDNF) belongs to
the neurotrophic factor family and promotes the
development, regeneration, survival and maintenance
of function of neurons.® It modulates synaptic
plasticity and neurotransmitter release across multi-
ple neurotransmitter systems, as well as the intracel-
lular signal-transduction pathway.? BDNF has been
implicated in the pathogenesis of mood disorders and
in the mechanism of action of therapeutic agents such
as mood stabilizers and antidepressants.®* BDNF
protein was reduced in postmortem brains of patients
with bipolar disorder, compared to controls.* Chronic
electroconvulsive seizure and antidepressant drug
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treatments increase mRNA of BDNF and its receptor
trkB.* Lithium may also exert its neuroprotective
effect through enhancing expression of BDNF and
trkB.®

The BDNF gene is, therefore, an attractive candi-
date gene which may give susceptibility to bipolar
disorder.” In accordance with this, at least three
previous studies reported a significant association
between the Val66Met polymorphism (NCBI dbSNP
rs6265) of the BDNF gene and bipolar disorder in
Caucasian populations.®™° In these studies, the Val66
allele was consistently found to have a risk-increasing
effect on the development of bipolar disorder. How-
ever, this association was not replicated in other
Caucasian'*™*® or Asian populations including
ours. 10

Another polymorphism of the BDNF gene that has
been well studied as to the possible association with
neuropsychiatric diseases is the ‘GT repeat’ located
approximately 1.0kb upstream of the translation
initiation site of the gene.” With respect to the
possible effect on mood disorders, a significant
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linkage disequilibrium with bipolar disorder® and a
significant association with childhood onset mood
disorder*® have been reported in Caucasian popula-
tions, although one study failed to find such an
association with bipolar disorder.® Furthermore,
there is some evidence suggesting that this poly-
morphism plays a role in the pathogenesis of schizo-
phrenia.*®>**?° However, there is no study that
examined whether this polymorphism has functional
effects. Since micro- and minisatellite polymorph-
isms even located in intron have been shown to play a
role in the expression of many genes,®® it might be
intriguing to examine whether this microsatellite
polymorphism of the BDNF gene is associated with
transcriptional activity in an allele-dependent
manner.

The aim of the present study was to examine this
microsatellite polymorphism (designated here as
BDNF-linked complex polymorphic region (BDNF-
LCPR) due to its complex structure) for novel
sequence variations, association with bipolar disor-
der, and effects on transcriptional activity.

Materials and methods

Subjects

Subjects were 153 patients with bipolar disorder (71
males) and the same number of controls (71 males),
matched for age, sex, ethnicity, and geographical area.
These; subjects, who were recruited from Showa
University Hospital and Shiga University of Medical
Science Hospital, Japan, were previously genotyped
for the Val66Met polymorphism of the BDNF gene,
yielding a result of no significant association.*® Mean
age (standard deviation (s.d.)) in the patients was 47.8
(s.d. 15.3) years and that in the controls 47.1 (11.0).
All the patients and controls were biologically
unrelated Japanese. Consensus diagnosis of bipolar
disorder was made for each patient by at least two
experienced psychiatrists according to the Diagnostic
and Statistical Manual of Mental Disorders, 4th ed.
(DSM-1V),?* based on unstructured interviews and
medical records. Among the patients, 94 individuals
(61%) were diagnosed with bipolar I and the remain-

ing 59 with bipolar II disorder. Patients who had one
or more comorbid axis I disorders were excluded. The
mean age of onset and number of episodes were 37.8
(s.d. 15.2) years and 3.9 (1.4) times, respectively.
Thirty-four patients (22.2%) had at least one episode
with psychotic features. Sixty-seven patients (43.8%)
had a family history of major psychiatric illness
(mood disorders or schizophrenia spectrum disor-
ders) within their second-degree relatives. The con-
trols were screened with a semi-structured interview
and those individuals who had current or past contact
to psychiatric services were excluded. In addition,
those individuals who had a family history of major
psychiatric illness or those who had a current or past
history of regular use of psychotropic medication,
including hypnotics, were excluded from the control
group. After description of the study, written in-
formed consent for the participation of the study was
obtained from every subject. The study protocol was
approved by ethics committee of each institution.

Sequence analysis
Venous blood was drawn and genomic DNA was
extracted according to standard procedures. To
determine accurate DNA sequences for the BDNF-
LCPR, we cloned this polymorphic region and
performed direct sequencing. An approximately 400
base-pair (bp) DNA fragment encompassing the poly-
morphic region was amplified by polymerase chain
reaction (PCR) with primers of HindllIl-tagged BDNF-
LCPR-F1 and Hindlll-tagged BDNF-LCPR-R1 (see
Table 1 and Figure 1a). The purified PCR products
were ligated into the Hindlll site of the pBluescriptll
SK (+) vector (Toyobo, Tokyo, Japan). The vector was
transformed into Escherichia coli, DH5x and incu-
bated. For sequencing, PCR amplification was per-
formed with primers of GTTGTAAAACGACGGCCA
GTG (Universal primer) and GGAAACAGCTATGAC
CATG (Reverse primer). At least four clones were
examined for each individual. Direct sequencing was
performed with the CEQ8000 Genetic Analysis Sys-
tem (Beckman Coulter, Fullerton, CA, USA).

Cloning and sequencing analysis described above
suggested that the polymorphic region is not a simple

Table 1 Primer sequences for sequencing the BDNF-linked complex polymorphic region (BDNF-LCPR)

Primer Primer Name

UCSC Chromosome11 Numbers in Fig. 1  Primer Sequence

No. 53 53 53
1 BDNF-LCPR-F1 27637949 —27637930 139158 TAGAGCAACCCTCTGGCAAA
2 BDNF-LCPR-R1 27637545 - 27637567 543521 TGTCATGAAAACAATGTGTCTGG
3 BDNF-LCPR-F2 27637844 27637822 244266 CCAAAATGTGTAAAACACCACTC
4 B-BDNF-LCPR-F2 27637844-—27637822 244266 Biotin-CCAAAATGTGTAAAACACCACTC
5 BDNF-LCPR-R2 27637715 27637741 373347 GAAAGCTCAACTTTTCTTTTTACTAGA
6 B-BDNF-LCPR-R2 27637715—27637741 373 ->347 Biotin-GAAAGCTCAACTTTTCTTTTTACTAGA
7 BDNF-LCPR-F3 27637810—» 27637791 278297 AGTAGGATAAACTCAGAGCG
8 BDNF-LCPR-R3 27637730—-27637749 358—339 CTTTTTACTAGAGATGTTCT
9 Reverse 1-19 GGAAACAGCTATGACCATG
10 Unversal 641621 GTTGTAAAACGACGGCCAGTG
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