the complex genetic diseases like schizophrenia (22). Alterna-
tively, an unknown functional polymorphism, which is in LD
with the SNPs and/or haplotypes, may be responsible for
providing susceptibility to schizophrenia.

To date, association of dysbindin with schizophrenia has
been confirmed across diverse populations. In addition,
decreased expression of dysbindin mRNA and protein levels
has been observed in prefrontal cortex and hippocampus of
postmortem brain in schizophrenic patients (23-25). As dys-
bindin is distributed at least in part in axonal terminals (17),
we focused on the possible role of dysbindin in neuronal
transmission. We used two techniques, overexpression and
knockdown, to investigatz neuronal function of dysbindin.
As the overexpression levels of dysbindin using sindbis
virus were quite high when compared with the control level
{~17-fold), the results could have non-physiological effects.
However, the results from the knockdown experiments of
the endogenous dysbindin protein were consistent with those
from overexpression experiments. Qur experiments suggest
that dysbindin regulates the expression of SNAP25 and synap-
sin I proteins in the pre-synaptic machinery and is associated
with increased giutamate release. SNAP25 is one of the funda-
mental molecular components of the SNARFE (soluble N-ethyl-
maleimide-sensitive factor attachment protein receptors)
protein complex, which is involved in intracellular vesicle
trafficking and neurotransmitter release (18). Synapsin I is
" localized to the synaptic vesicles that are both docked and
:located away from the plasma membrane (18). Reduction of

SNAP25 protein has been observed in frontal cortex of schizo-
phrenia patients (26) and synapsin I protein was found to be
reduced in the hippocampus of patients with schizophrenia
(27). Hypofunction of glutamatergic system has been impli-
cated in the neuropathology in schizophrenia (8). The abuse
of phencyclidine, an NMDA receptor antagonist, results in
positive symptoms, negative symptoms and cognitive impair-
ments, similar to schizophrenic patients, The postmortem
brain studies suggested impaired glutamatergic systems, e.g.
reduced glutamate level, decreased AMPA receptor binding
and expression and reduced NMDA receptor expression in
several brain areas, including frontal cortex and hippocampus.
Our experiments also suggest the survival effect of dysbin-
din protein on cortical neurons against serum deprivation
through the PI3-kinase-Akt signaling pathway. Thus, dysbin-
din might play an important role in neuronal vulnerability.
Impaired PI3-kinase-Akt signaling: in schizophrenia has been
reported recently (28). Dysbindin expression in the brain
of schizophrenic patients was reduced (23-25) and our data
_suggested that the downregulation of dysbindin expression
suppressed the phosphorylation levels of Akt. Taken together,
impaired PI3-kinase-Akt signaling in the schizophrenic brain
might be due, in part, to the decreased expression of dysbin-
din. As dysbindin may affect neuronal viability through Akt
activation, dysbindin-Akt signaling might be involved in
early disruptions producing long-term  vulnerability
that leads to the onset of schizophrenia symptoms. As PI3-
kinase-Akt signaling is activated by several growth factors
such as brain-derived neurotrophic factor, nerve growth
factor and insulin-like growth factors through tyrosine
kinase receptors (19), the regulation of this system might be
associzted with dysbindin.
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The Hermansky—Pudlak syndrome defines a group of auto-
somal recessive disorders characterized by deficiencies in
lysosome-related organelles complex-1 (BLOC-1}. Hermansky—
Pudlak type-7 is caused by 2 nonsense mutation of dysbindin,
which is a compenent of the BLOC-1 (29). Biological roles of
BLOC-1 are still unknown; however, it might be involved in
vesicle docking and fusion. Sandy mouse, which has a
deleted dysbindin gene, expresses no dysbindin (29). Thus,
this mouse could be a powerful tool for investigating brain
function of dysbindin in vivo. It is of interest to examine
the pre-synaptic protein expression, glutamate release, Akt
phosphorylation and neuronzl vulnerability in vive using this
mouse.

We have demonstrated the additional support for the
genetic association between dysbindin and schizophrenia in
a relatively large sample and the evidence of novel functions
of dysbindin in cultured neurons. Our results suggest that an
abnormality of dysbindin might influence glutamatergic
systems and Akt signaling. Further investigation is necessary
to elucidate the mechanisms of Akt activation and upregula-
tion of pre-synaptic molecules by dysbindin.

MATERIALS AND METHODS
Subjects

Subjects for the association study were 670 patients with
schizophrenia [males: 50.6%, mean age of 44.2 years (SD
14.6)] and 588 healthy comparison subjects [males: 48.7%,
mean age of 36.2 vears (SD 12.4)]. All the subjects were
biclogically unrelated Japanese patients. Consensus diagnosis
was made for each patient by at least two psychiatrists
according to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV) criteria. Control subjects were healthy
volunteers who had no current or past contact to psychiatric
services. After description of the study, written informed
consent was obtained from every subject. The study protocol
was approved by institutional ethical committees (Fujita
Health University School of Medicine, Showa University
School of Medicine and National Center of Neurology and

Psychiatry).

SNP genotyping

Venous blood was drawn from the subjects and genomic DNA
was extracted from whole blood according to the standard pro-
cedures. Six SNPs (P1655, P1635, P1325, P1320, P1763 and
SNPA) adopted in the work of Straub er al. (2) and Williams
et al. (21) were genotyped using the TagMan 5'-exonuclease
allelic discimination assay, described previously (30,31).
Briefly, the probes and primers for detection of the SNP
were as follows. P1655: forward primer 5-AGTTTTTAT
CACTAATCAAAATGAAACAGCCTTT-%, reverse primer
5'-CTCATTCTGTTATAACTAGTCTGACATGGT-3', probe
1 5-VIC-TATTAGCTATGATAGTGTTTTAT-MGB-3' and
probe 2 5-FAM-ATTAGCTATGATAGTCTTTTAT-MGB
-3'; P1635: forward primer 5-GGAACTTTTCTTTGAAGA
CTTCCTTTCG-3', reverse pomer 5-ACCACTAACAACC
AAAAAGAAAACAAACA-Y, probe 1 5-VIC-TAAAGCC
AATAATTACC-MGB-3' and probe 2 5-FAM-AGCCAG
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TAATTACC-MGB-3'; P1325: forward primer 5'-GATATG
ACTCCTTAATTCACAGGCTACAG-3, reverse primer 5'-
GTTACTGCACACAAGCAACTGTTAA-Y, probe 1 5-VIC
-AATGGATGTTGCATTAGT-MGB-3' and probe 2 5-FAM
-ATGGATGTTGCGTTAGT-MGB-3'; P1320: forward pri-
mer 5-CCAATCCATTCTTTTATTGACATGGAGTTT-3,
reverse primer 5-TGATTTTGACCAAGTCCATTGTGTCT
-3, probe 1 5-VIC-AAAAGCACAAACAACAAG-MGB-3'
and probe 2 - FAM-AAAAGCACAAATAACAAG-MGB-3;
P1763: forward primer 5-GGCAGAAGCAGTGAGTGAGA-3,
reverse primer 5-TGGGCTCTTATGTCTACCTTTCCTAAA
-¥, probe 1 5-VIC-TCACCTGGATGTCAGC-MGB-3' and
probe 2 5-FAM-ACCTGGCTGTCAGC-MGB-3'; SNPA: for-
ward primer 5-TCTGTTATGTGCCATTCACTGTTTT-%,
reverse primer 5'-TAGGGCTGGGATTGGATGA-3, probe 1
§-VIC-AGCAGTTTACATCTGGG-MGB-3' and probe 2
5'-FAM-AGCAGTTTACATCAGGG-MGB-3¥. PCR cycling
conditions were 95°C for 10 min, 45 cycles of 92°C for 15s
and 60°C for 1 min.

Cell culture

Dissociated cortical cultures were prepared from posmatal
2- or 3-day-old rat (SLC, Shiznoka, Japan) cortex, as described
previously (32,33). Briefly, cells were gently dissociated with a
plastic pipette after digestion with papain (90 U/ml, Sigma} at
37°C. ’I'he dlssocxated cells were plated at a final density of
5 x 10° per em® o polyethyleneimine-coated 12- or 24-well
plates (4 and 2 cm? surface area/well, respectively; Coming,
NY, USA) or cover glasses (Matsunami, Osaka, Japan) attached
to flexiperm (VIVASCIENCE, Gottingen, Germany). The
culture medium consisted of 5% precolostrum newborn calf
serum, 5% heated-inactivated horse serum and 90% of a 1:1
mixture of Dulbecco’s modified Eagle’s medium (DMEM)
and Ham’s F-12 medium containing 15 mm HEPES buffer,
pH 7.4, 30 nM Na;Se0; and 1.9 mg/mt of NaHCO;.

Sindbis virus

A bicistronic vector plasmid (pSinEGdsp) was provided by
Dr Kawamura (Niigata University, Japan). The plasmid was
derived from pSinRepS (Invitrogen, USA) and had two sub-
genomic promoters followed by a multiple cloning site for
arbitrary gene insertion and an EGFP open reading frame,
thus the virus can produce arbitrary protein and EGFP inde-
pendently in the infected cell, as previously described (34).
Dysbindin ¢cDNAs amplified by RT-PCR with specific primer
pairs (forward 5-ACGCGTCAATGCTGGAGACCCTTCG-
3 and reverse 5'-GCATGCCAATTTAAGAGTCGCTGTCC-
3') were inserted at the Miul and Sphl sites of the plasmid.
Each plasmid was cleaved with Pacl, and used a5 a template
for mRNA transcription in vitro using mMESSAGE mMA-
CHINE kit (Ambion, USA). Pseudovirions were produced
according to the experimental procedure of Invitrogen. Baby
hamster kidney (BHK) cells were transfected with each
mRNA and 268 helper mRNA (Invitrogen) by electroporation
(1250 V/em, 50 pF, single pulse) using Gene Pulser2
{BioRad, USA). The cells were incubated with DMEM
supplemented with 10% FCS for 24 h at 37°C, the super-
natants were collected as pseudovirion-containing solutions.

Immunocytochemistry

Cultured neurons were fixed with 4% paraformaldehyde for
20 min and then rinsed three times with PBS. Subsequently,
cultured cells were permeabilized with 0.2% Triton X-100 in
PBS for 5 min at room temperature. The primary antibodies
(anti-MAP2; Sigma} with 3% skim milk in PBS were
applied overnight at 4°C. After washing, cells were incubated
with secondary antibodies (Alexa Fluor, Molecular Probes) for
1 h at room temperature. Fluorescent images were captured by
an inverted microscope (Axiovert 200, Zeiss) with a CCD
(cool SNAPfx) purchased from Zeiss. Monochrome images
were turned into color and analyzed using software (Slide
BookTM 3.0, Intelligent Imaging Innovations, Inc., Denver,
CO, USA). The images of GFP were analyzed with the
same software.

Immunoblotting

Cells were lysed in SDS lysis buffer containing 1% SDS,
20 mM Tris—HCl (pH 7.4), 5mm EDTA (pH 8.0), 10 mM
NaF, 2 mM NayVO,, 0.5 mM phenylarsine oxide and 1 mM
phenylmethylsulfonyl fiuoride. Lysates were centrifuged at
15000 rpm for 60 min at 4°C, and the supernatants were
collected for analysis. Samples were heat denatured with the
standard SDS sample buffer. Immunoblottings were carried
out as described previousiy (35). Briefly, immunoblottings
were carmmied out with anti-SNAP25 antibody (1:3000,
mouse monoclonal, Synaptic Systerm, Gottingen, Germany),
anti-synapsin I antibody (1:1000, rabbit anti-serum, Chemi-
con), anti-synaptotagmin antibody (1:1000, mouse mono-
clonal, BD Transduction Laboratory), anti-syntaxin antibody
(1:3000, mouse mornoclonal, Sigma), anti-GFP antibody
{1:1000, rabbit polyclonal, MBL, Nagoya, Japan), anti-dys-
bindin antibody (23) (1:100, rabbit polyclonal), ant-TUJ1
antibody (1:5000, mouse monoclonal, Berkeley antibody
company, CA, USA), anti-Akt antibody (1:1000, rabbit anti-
serum, Cell Signaling) and anti-phospho-Akt antibody
(Ser473, 1:1000, rabbit anti-serum, Cell Signaling) in TBS
containing 1% non-fat dried milk. The immunoblotting exper-
iments were performed four times and they were quantitat-
ively analyzed by capturing images on films using a scanner
(Epson, Tokyo, Japan) in conjunction with the Lane and
Spot Analyzer software (version 6.0, ATTO, Tokyo, Japan).

Anti-dysbindin antibody was produced as described pre-
viously (36). Briefly, the peptide synthesized (QSDEEEVQVD-
TALC: 320-333 amino acid residue of human dysbindin, with
no homology in any mammalian protein) was conjugated with
maleimide-activated keyhole limpet hemocyanin and immu-
nized to two rabbits. The titer was measured by ELISA and
sera of high titer against the peptide were obtained from both
rabbits. The sera were affinity purified by a column conjugated
with the immunized peptide.

Detection of glutamate release

The amount of glutamate released from the cultures was
measured as previously reported (33,35). The glutamate
released into the modified HEPES-buffered Krebs—Ringer
assay buffer (KRH; 130mm NaCl, 5mv KCl, 12mm
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NaH,PO,, 1.8 mm CaCl,, 10 mm glacose, 1% bovine serum
albumin and 25mm HEPES, pH 7.4) were measured by
HPLC (Shimadzu, Kyoto, Japan)} with a fluorescence detector
(excitation wavelength, 340 nm; emission wavelength,
445 nm, Shimadzu). For stimulation of cortical neurons, we
used a HK* KRH solution consisting "of 85mm NaCl,
50mM KCl, 12mM NaH,PO, 1.8mm CaCl;, 10mmMm
ghucose, 1% bovine serum albumin and 25 mm HEPES, pH
7.4. Before exposing the cultures to HK* solution (1 min),
basal fractions were collected. The glutamate release exper-

iments were performed three times with independent cultures

to confirm repreducibility.

MTT assay

To examine the -cell viability, the metabolic activity of
mitochondria was estimated by measuring the mitochondrial-
dependent conversion of the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) (Sigma). We
performed the viral infection or transfection of siRNA and
then, the serum was deprived from culture medium. MTT
(0.5 mg/ml in PBS) was added to each well at 24 h after
serum deprivation. MTT was incubated for 1.5h at 37°C.
Then, the medium was carefully aspirated, and 200 pl of acid-
ified isopropyl alcohol was added to solubilize the colored
formazan product. Absorbance was determined at 550 nm on
a scanning multi-well plate reader (Bio-Rad) after agitating
the plates for 5 mir on a shaker.

siRNA transfection

We used 23 nt siRNA duplexes with two 3’ overhanging
nucleotides targeting position 182-204 (aagugacaapucaaga
gaagcaa) of human dysbindin mRNA. Scrambled sequence
(aacgaugagaacgaucaagaaga), which had no homology to any
mammalian mRNA, was used as a control siRNA. Both
sense and antisense strands were synthesized by Dharmacon
Research Inc (Lafayette, PA, USA). SiRNA duplexes in the
2-ACE deprotected and desalted form were dissolved in a
1x universal buffer (Dharmacon Research Inc). Transfection
of both siRNAs was performed using NeuroPORTER™
{Gene Therapy Systems, Inc., San Diego, CA, USA), as
reported (20).

Statistical analysis

Statistical analysis of association studies was performed using
SNPAlyse (DYNACOM, Yokohama, Japan). The presence
of Hardy-Weinberg equilibrium was examined by using the
¥*-test for goodness of fit. Allele dlstnbutlons between patients
and controls were analyzed by the x*-test for independence.
The measure of LD, denoted as D', was calculated from the
haplotype frequency using the expectation—maximization
algorithm. Case—control haplotype analysis was performed by
the permutation method to obtin the empirical significance
(37). The global P-values represent the overall significance
using the y*-test when the observed versus expected frequen-
cies of all the haplotypes are considered together. The individ-
ual haplotypes were tested for assocmnon by grouping all
others together and applying the x’-test with 1 df. P-values
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were calculated on the basis of 10 000 replications. Statistical
analysis of neurobiological assays was performed by Students’
i-test. All P-values reported are two tailed. Statistical sig-
nificance was defined at P < 0.05. To be conservative,
Bonferroni corrections were applied for multipie comparisons,
e.g. number of analyzed SNPs and haplotypes, although SNPs
were in LD.
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Abstract

Mitochondrial dysfunction associated with mutant mitochondrial DNA (mtDINA) has been suggested in bipolar disorder, and comorbidity
with neurodegenerative diseases was ofien noted. We exarmined the emtire sequence of mtDNA in six subjects with bipolar disorder having
comotbid somatic symptoms suggestive of mitochondrial disorders and found several uncharacterized homoplasmic nonsynonymous
nucieotide substitations of mtDNA, Of these, 3644C was found in 5 of 199 patients with bipolar disorder but in none of 258 controls (p =
0.015). The association was significant in the extended samples [bipolar disorder, 9/630 (1.43%); controls, 1/734 (0.14%); p = 0.007]. On the
other hand, only 5 of 25 family members with this mutation developed bipolar disorder, of which 4 patients with 3644C had comorbid
physical symptoms. The 3644T—C mutation converts amino acid 113, valine, to alanine in the NADH-ubiquinone dehydrogenase subunit [,
a subunit of complex I, and 113 valine is well conserved from Drosaphila to 61 mammalian species. Using transmitochondrial cybrids,
3644T—C was shown to decrease mitochondrial membrane potential and complex I activity compared with haplogroup-matched controls.
According to human mitochondrial genome polymorphism databases, 3644C was not found in centenarians but was found in 3% of patients
with Alzheimer disease and 2% with Parkinson disease. The result of modest functional impaitment cavsed by 3644T—C suggests that this

_mmtation could increase the risk for bipolar disorder.
© 2004 Elsevier Inc. All rights reserved.
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Bipolar disorder is a major mental disorder characterized

by recurrent manic and depressive episodes affecting about

, 1% of the population. The contribution of multiple genstic

" * Comesponding author, Fax: +81 48 467 6947, factors in the eticlogy of bipolar disorder is known from
E-mail address: kato@brain.riken.go.jp (T. Kato). studies of twins, adoptions, and families. Although recent
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studies suggested several candidate polymorphisms, such as
Val 311 of the brain-derived neurotrophic factor [1,2] and
the —116G polymorphism of X-box binding proteiz 1 [3],
the pathophysiological mechanisms of bipolar disorder have
not vet been totally elucidated. Mitochondrial dysfunction in
bipolar disorder was initially suggested by altered brain
energy metabolism detected by *'P magnetic resonance
spectroscopy [4] and was recently supported by the altered
gene expressions of mitochondria-related genes revealed by
DNA mijcroarray analysis in the postmortem brain [5]. The
comorbidity of bipolar disorder or depression and a
mitochondrial disorder, chronic-progressive external oph-
thalmoplegia (CPEQ) [6-8], also suggests that mitochon-
drial dysfunction can cause bipolar disorder. It was pointed
out that some families of bipolar disorder were seen in the
maternal lineage [9], suggesting that mitochondrial DNA
may have a pathophysiological role in bipolar disorder. The
authors previously reported an association between bipolar
disorder and two mitochondrial DNA (mtDNA} polymor-
phisms, 5178C and 10398A, in Japanese subjects [10]. A
similar trend of association with 10398A was also reported
in Caucasians [11]. These two polymorphisms convert
amino acids in the subunits of complex 1 (NADH:ubiqui-
none oxidoreductase). NDUFV2, a nuclear-encoded com-
plex I subunit gene, was also associated with bipolar
disorder [12]. These results suggest that otber genetic
variations of complex I subunits in mtDNA are also risk
factors for bipolar disorder.

Human mtDNA is inherited only maternally and encodes
13 protein subunits of the respiratory chain, including 7
cornplex I subunit genes, 22 tRNAs, and rRNAs [13]. It bas
been reported [14] that heteroplasmic tRNA mautations of
mtDNA are related to neuromuscular diseases such as
mitochondrial myopathy, encephalopathy, lactic acidosis
and stroke-like episodes (MELAS), and myoclonus epilepsy
with ragged-red fibers. Large-scale deletions are related to
CPEO. On the other hand, there are missense mutations of
mtDNA related to diseases, such as neurogenic muscle
weakness, ataxia, and retinitis pigmentoéa; Leigh encephal-
opathy; and Leber hereditary optic neuropathy (LHON).
Most are heteroplasmic, a mixture of mutant and wild-type
mtDNA, but sometimes these mutations can be homoplas-
mic in patients. The homoplasmic mutation of 1555A—G in
the tRNA coding region related to inherited hearing loss
caused by aminoglycoside toxicity is well described [15,16].
Alterations in mtDNA have also been studied in patients
with Parkinson disease and Alzheimer disease [17.18]. The
phenotypes of mitochondrial diseases are diverse and
overlapping. The same mtDNA mutation car produce quite
different phenotypes, while different mutations can produce
similar phenotypes. The mutations or pclymorphisms
associated with bipolar disorder, if any, may also cause
overlapping phenotypes and become a risk factor for other
disorders.

In this study, we hypothesized that there are some
homoplasmic mutations or polymorphisms increasing the

risk for bipolar disorder and other signs and symptoms
related tc mitochondrial impairment. To identify such
nucleotide substitutions of mtDNA, we sequenced the entire
16.6-kb mtDNA of patients with comorbidity of bipolar
disorder and somatic symptoms frequently associated with
mitochondrial disorders. Among newly identified nonsy-
nonymous nucleotide substitutions in these patients, the
3644T—C at NADH-ubiquinone dehydrogenase subunit 1
(ND1), decreasing mitochondrial membrane potential and
complex I activity, was associated with bipolar disorder. The
comorbidity with bipolar disorder was present in most of
these cases but their phenotypes were various. It was
suggested that this mutation counid increase risks for bipolar
disorder with syndromic comorbidity.

Results and discussion

Unreported homoplasmic miDNA base substitutions in
patients

We examined the entire mtDNA sequence of six patients
with bipolar disorder and somatic symptoms suggestive of
mitochondrial disorders, such as ptosis, optic neuropathy,
cardiomyopathy, and myoclonus (Tzble 1). None of them
could be diagnosed as known mitochondrial diseases, such
as MELAS, CPEQ, and LHON, because of the reasons as
described under Case reports. Five of them had a family
history of mood disorder compatible with matemal inher-
itance. Every patient had several base substitutions com-
pared with the revised Cambridge Reference Sequence
[13,19]. The average number of base substitutions in each
individual was 32.5 % 6.9 {mean * SD), and that of
nonsynonymous base substitutions was 5.5 * 2.1, We
consulted the MITOMAP database (http.//www.mitomap.
org/) [20,21], and two mutations were provisionally reported
in relation to mitochondrial diseases, 11084A—G (MELAS)
and 12311T—C (CPEQ). We also found four nonsynon-
ymous nuclectide substitutions, 3644T—C, 4703T—C,
13651A—G, and 13928G—T, which were not registered
in the MITOMAP, all of which were in the complex I
subunits. We confirmed that these base substitutions were
homaoplasmic by the PCR restriction-length polymorphism
method (PCR-RFLP).

To identify the mtDNA base substitutions having
pathophysiclogical significance, we examined whether
these base substitutions were found in 96 Japanese
centenaricns using the mtSNP database (Human Mito-
chondrial Genome Polymorphism Database in Japan,
hitp://www.giib.orjp/misnp/index_e html} [22]. We
regarded the base substitudons found in centenarians as
having minimum pathophysiological significance. Base
substitutions 4705T—C, 11084A—G, 12311T—C, and
13651A—G were found in centeparizns, while two base
substitutions, 3364T—C and 13928G—T, were not found
in centenariaps,
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Table 1
Patients and unreported nucleotide substitutions of mitochondria DNA
Case  Diagnosis Gender  Age at onset  Clinical manifestations MIDNA substitutions
Physical symptoms Family history Unreparted Provisionally
disease reated
1 Bipolar 1 disorder F | X Optic neuritis Mo, depression 13651A—G
2 Bipolar I disorder M 30 Cerebral infarction Bro, bipolar disorder
Dilated cardiomyopathy MaSib, psychotic NOS
3 Bipolar I disorder M 50 Ptosis MoSib, depression 12311T—C (CPEQ)
Epilepsy
Cardiac arrhythmia
4 Bipolar I disorder F 24 Epileptic EEG Bro, bipolar disorder 11084A—G (MELAS)
Sis, NOS
5 Bipolar I disorder M 57 Ptosis Sporadic 3644T—C
Muscle weakness
NIDDM
Multiple cerebral infarction
3 Bipolar I disorder M 35 Ptosis Sib, depression 4705T—C
13928G—T

Abbreviations: Mo, mother; Bro, brother; Sis, sister; Sib, sibling; MoSib, mother’s sibling; psychotic NOS, psychotic disorder not otherwise specified.

Association study of mtDNA base substitutions

To know whether these two base substitutions, 3644T—C
and 13928G—T, are associated with bipolar disorder, we
used two sets of the study subjects. The initial association
" study consisted of 199 patients with bipolar disorder and 258
healthy volunteers. An additional independent sampie set in
. COSMO (Collaborative Study of Mood Disorder) consisted
of 431 patients with bipolar disorder and 476 healthy
volunteers, was also used. To examine whether there is a
hidden population structure, we performed stratification
analysis on the initial samples using eight polymorphisms
[3] using the method of Pritchard et al. [23], and no
subpopulation was found for either patients or controls. We
performed a similar stratification analysis using 20 SNPs in
169 Japanese samples, including COSMO samples, and
found no subpopulation. We further analyzed the stratifica-
tion in 169 Japanese samples using 374 microsatellite

Table 2
Association study using independent sample sets and haplogroups

markers and found no hidden subpopulation (Yamada et al,,
manuscript in preparation). Thus, we concluded that there is
no hidden subpopulation in our Japanese samples. Six
patients examined for the entire mtDNA sequence were
included in the first sample set, because they developed
comorbid somatic symptoms after the diagnosis of bipolar
disorder.

We genotyped at 3644 and 13928 by PCR-RFLP in the
initial sample set (Table 2). Base 3644C was found in 5 of
199 Japanese patients with bipolar disorder in the first
sample set, including the proband (case 5 in Table I, II-1
of family A in Fig. 1), but in none of the controls (p =
0.015) (Table 2). Among other 4 patients, I had non-
insulin-dependent diabetes mellitus (NIDDM), 1 had
headache, and 1 had tremor suggestive of neurological
impairment. In their family members, only 5 of 25
members in the same maternal lineages, who were
assumed to have the same genotype, 3644C, developed

Base at 3644: All samples Hapiogroup D (5178A/10398G)
T C p value T C p value
Initial sampie set
Paticnts 97.5% (194) 2.5% (5) 94.4% (68) 5.6% )
Controls 100.0% (258) 0.0% {0) 0.015* 100.0% %7 0.0% ()] 0.003*
Independent sample set
Patients 99.1% (427) 0.9% 4 98.3% am 1.7% 3
Controls 99.8% (475) 0.2% (0 0.197 100.0% (192) 0.0% © 0.106
Total sample set
Patients 98.6% (621) 1.4% © 97.2% {239) 2.8% N
Controls 99.9% (733 0.1% (1) 0.007* 100.0% (289) 0.0% )} 0.004*

Each number in parentheses shows the real number of subjects. The p value was given by Fisher's exacr test,

* Statistically significant,
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Fig. 1. Pedigrees of the probands with bipolar disorder and mitochondrial 3644C mutation. Arrows indicate the probands with bipolar disorder. Closed squares
and circles indicate the patients with bipolar disorder or other mental disorders as follows: D, I-2 had a psychotic disorder not otherwise specified, I-2 had
schizotvpal personality disorder. Their comorbidities were as follows: A, II-]1 had mmscle weakness, ptosis, and NIDDM (case 5 in Table 1); C, T-1, had
essential memor; D, -1, had NIDDM; E. I-2. II-1, II-2, and TIE-] had headache. To mainain the anonymity of the pedigrees, the sexes of the unaffected siblings

are ot shown.

bipolar disorder, of which 4 patients with 3644C had
comorbid physical symptoms and one had only bipolar
disorder. Mutation 3644T—C converts amino acid 113
valine in the putative third transmembrane region of ND1I,
the protein subunit of complex I, to alanine. This 113
valine is well conserved from Drosophila to 61 mamma-
lian species. There was no difference in the frequency of
13928G—T [13 of 199 patients with bipolar disorder
(6.5%) and 19 of 258 controls {7.4%), p = 0.804 by
Fisher’s exact test]. Mutation 13928G—T changes the 531
serine into isoleucine in the ND35 subunit and it was not
conserved even among mammalian species.

We further analyzed 3644T—C as a candidate risk factor
for bipolar disorder using the independent sample set
obtained from COSMO. While 4 additional individuals
having 3644C were found among the patients, only 1 of the
476 controls had 3644C. Although this.difference in
frequency was not statistically significant (p = 0.187), this
is likely due to the low statistical power to detect the
difference (0.29). In the analysis of total samples having
higher statistical power (0.79), 3644C was significantly
more common in bipolar.disorder than in the controls (p =
0.007) (Tabje 2).

Since mtDNA. is highly polymorphic, other polymor-
phisms possibly confounded the association analysis. To
minimize the effects of other polymorphisms, we catego-
rized these samples into mitochondrial DNA haplogroups
. and the association analysis was repeated in' each hap-
logroup. Seven patients with 3644C were assigned to the
Asian haplogroup D characterized by 5178A710398G [22],
which we reported as an anti-risk haplotype for bipolar
disorder [10]. The 3644C was significantly associated with
bipolar disorder in haplogroup P (Table 2). On the other
hand, only 1 control subject and 2 patients with 3644C were

classified into haplogroup M characterized by 3178C/
10398G, and no association was found in haplogroup M
[2 of 187 patients (1.1%) and 1 of 233 controls (0.4%), p =
0.588].

We concluded that 3644C was associated with bipolar
disorder for the following reasons: 3644T—C was associ-
ated with bipolar disorder in the initial case-control smdy;
this substitution converts well-conserved amino acid 113
valine to zlanine in ND1. A similar trend was observed in
the independent samples, although there was no significant
difference, possibly due to the small number of subjects
replicating the association. In the analysis of the total
sample set having enough statistical power to detect a
difference, 3644C was significantly associated with bipolar
disorder. The significant association between 3644C and
bipolar disorder remained in haplogroup-matched case-
control analysis.

We called 3644C a “mutation,” because its frequency was
very low (0.14% in 734 controls and 0.7% in 1364 total
samples examined), it converted a well-conserved amino
acid, and it appeared in at jeast two independent hap-
logroups. However, this mutation is not sufficient to canse
bipolar disorder because 3644C was found in 1 healthy
volunteer, and only S of 25 members in the same maternal
lineages, all of whom were assumed to have 3644C,
deveioped bipolar disorder. Among these patients, comor-
bidity in 4 patients with bipolar disorder was heterogeneous:
2 had NIDDM, | headache, and 1 tremor suggestive of
neurological impairment. The other patient had only bipolar
disorder. It means that 3644C cannot be a risk factor for
comorbid symptoms seen in these patients but couid be a
risk factor for bipolar disorder, if not a causative mutation.
Bipolar disorder is a multigenic disease and one tvpe of
mutation in mtDNA can cause various phenotypes. We
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postulate that svnergistic effects of other risk factors and
3644C could cause bipolar disorder.

Functional analyses in cvbrids with 3644C

To evaluate the functional consequences of 3644T—C,
we generated cell lines of the transmitochondrial hybrids,
“cybrids,” using the platelets derived from the subjects.
Different from heteroplasmic mutations in the regions of
tRNAs and protein subunits, functional impairment asso-
ciated with homoplasmic mutation has not been well”
established. In the case of heteroplasmic mutation, two
cybrid cell lines with different nucleotides at one particular
position of mtDNA could be generated and analyzed. On the
other hand, in the case of homoplasmic mutation, it was
impossible to identify such a pair of cell lines. To minimize
the effects of other polymorphisms, we compared cybrids
with 3644C with haplogroup-matched controls for func-
tional studies. A total of 24 cybrid cell lines were obtained
from the initial sample set, and 9 cybrid cell lines belonged
to haplogroup D, 5178A/10398G (Table 3). Among the 9
cell lines, only 2 were from patients with 3644C (1II-1 in
family D and II-2 in family E, in Fig. 1) and 7 were from
subjects with 3644T (3 patients with bipolar disorder and 4
controls). We could not obtain other samples with 3644C
‘because of ethical reasons.

Mitochondrial membrane potential (MMP) was meas-
ured using JC-1, a fluorescent cationic dye, which accumu-
lates in mitochondria and changes its emission from
wavelength 527 nm (monomer) to 590 nm (aggregates)
depending on the mitochondrial membrane potential, and a
flnorescence-activated cell sorter (FACS), and it distin-
guished well the difference between control cybrids and
p%206 cells lacking mtDNA: while 82.9 + 9.9% (mean +
SD, N = 12) of the cybrids from control subjects were
polarized, only 13.2 £ 7.7 (mean + SE of three measure-
" ments) of the p°206 cells were polarized (Fig. 2, left and

right, respectively). This indicated that our measurement
method is sensitive enough to detect the difference in MMP.
The percentage of polarized cells was significantly
decreased in cybrids with 3644C [51.7 * 6.6 and 67.0 +
4.3% (means = SE), respectively] compared with hap-
logroup-matched cybrids (df = 8, p = 0.04 by Mann-
Whitney U test} (Table 3). There was no significant
difference between cybrids of bipolar disorder and controls
nor between cybrids of other haplogroups.

Subsequently, the activities of complexes I (rotenone-
insensitive), HI, and I'V in the electron-transport chain were
measured using the citrate synthase activity as the reference
(Table 4). The activity of p°206 cells was measured to
assess nonspecific activity. The 3644C group consisted of
two cybrid cell lines. While there was no significant
difference between complex II and complex IV activities
(p = 0.1), complex I activity of the two cybrids with 3644C
tended to be lower than four haplogroup-matched control
cybrids (df = 5, p = 0.06 by Mann-Whitney U test).
Decreased MMP could be explained by reduced complex I
activity since MMP is maintained by the efflux of protons
from the mitochondrial matrix, in which complex I plays an
important role. MMP generated by the proton gradient is the
driving force of not only ATP synthesis but also Ca”* uptake
across the mitochondrial inner membrane. We hypothesized
that impaired mitochondrial Ca®* uptake caused altered
calcium signaling in bipolar disorder. Our result of
decreased MMP in cybrids with 3644C supports our
hypothesis.

Interestingly, the mtSNP database [22] showed that
while 3644C was not found in 96 centenarians, it was
found in 3.1% (3/96) of patients with Alzheimer disease
and 2.0% (2/96) of patients with Parkinson disease. These
findings suggested a possibility that 3644C is a risk factor
conunon to bipolar disorder and peurodegenerative dis-
orders, rather than a causative mutation only for bipolar
disorder. If 3644C is also a nisk factor for neurodegener-

Table 3
Mitochendrial membrane potential (MMP) of 24 cybrid cell lines

N Age {C/B) Gender MMP
’Diagnosis
Control 12 48.0 £ 9.2 6/6 82.9+99
Bipolar disorder 12 41.8 £11.4 676 712 £11.0
Bipolar disorder with 3644T 10 40,7 £12.0 5/5 80.8 + 7.0
Bipolar disorder with 3644C P 42,53 171 594 +10.9*
Haplogroup
10398 A~-5178C-3644T 7 43.6 £ 10.6 473 3/4 81.9 + 8.6
10398G-5178C~3644T g 41.6 + 10.7 474 4/4 80.8 £ 9.5
10398G-5178A—3644T 7 48.9 £ 10.5 413 314 833 £ 83
10398G-5178 A~3644C 2 42, 53 02 11 5394 £10.9**
e° cells 1 13.21

C/B, numbers of control/bipolar disorder; gender, number of menfwomen. The p value was given by the Mann—Whimey I test.

* p=0.03 vs 3644T, 0.03 vs controls.
* p = 0.04 vs 3644T, 0,03 vs all other haplogroups.
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Fig. 2. Measurement of mitochondrial membrane potential using JC-§ and FACS. Vertical line, the fluorescence intensity of 390G nm, reflecting the aggregates
and indicating high MMP. Horizontal line, the fluorescence intensity of 327 nm, reflecting the monomer and indicaring low MMP. 10 ,000 cells were examined
for one cell line. Representative results of one experiment each from three ¢ell Enes are shown. Left, control cybrids whose haplogroups were matched with the
cybrids with 3644C; middle, cybrids with 3644C; right, %206 ceils. While most conmol cybrids were polarized, having high 590/527 nm, most o 0206 cells
were depolarized. The cybrids with 3644C were intermediate, having both polarized and depolarized cells.

ative disorders, the mechanism might be explained by a
disruption of MMP that causes apoptosis. It is also
compatible with the reduction of complex I activity in
platelets or altered calcium signaling in cybrids derived
from patients with Parkinson disease or Alzheimer disease
[24-26]. Neuropathological studies of bipolar disorder
also showed a decreased number of neuroms in post-
mortem brains [27,28]). It was pointed out that having
bipolar disorder increases the risk of Alzheimer disease
[29,30] and Parkinson disease [31]. Two mood stabilizers,
lithiurn and valproate, are known to have antiapoptotic
effects by increasing Bel-2 [32]. These findings are also
compatible with the possibility that 3644C is a risk factor
common to bipolar disorder and meurodegenerative dis-
orders.

One might have a concern that 3644C is not a risk
factor for bipolar disorder but associated with physical
symptoms. Although the initial patient had several
physical symptoms seggestive of mitochondrial disorder
such as ptosis, muscle weakness, NIDDM, and cerebral
infarction, other patients carrying 3644C had no or one
nonmspecific comorbid symptom. Thus, the apparent
association between bipolar disorder and 3644C cammot
be explained by the secondary phenomenon due to
physical symptoms. However, it cannot be ruled out that
these patients carrying 3644C have some subtle mito-
chondria-related symptoms that were not clinically appa-
rent. In fact, there are reports of patients with pathogenic
mtDNA mutations such as 3243A—G who showed
psychotic symptoms at first and developed mitochondrial
diseases later [33,34). It might be possible that detailed
physical examinations, for example, glucose tolerance test
or close neurological examinations, would reveal subtle
comorbid somatic symptoms. Needless to say, we need to
address whether the 3664C substitution is associated with
somatic symptoms alone. In the future, it is needed to
Jook carefully at the phenotype and the clinical course of
these subjects and investigate whether 3644C is associated

with bipolar disorder or a bipolar disorder-somatic
symptom subtype.

Functional impairment was reported also in the homo-
plasmic mutation, 1555A—G, in matemally inberited
hearing loss [15,16]. The 11778A mutation of LHON,
which is usually beteroplasmic but sometimes homoplas-
mic, was also shown to cause a modest reduction in
complex T activity [35]. It was pointed out that the nuclear
background potentially affects the expression of miDNA
polymorphisms [36]. Further study using cybrids with
another nuclear background would be interesting. The
mechanism of how the V113A amino acid substitution
caused by 3644T—C in ND1 decreases complex I activity
cannot be explained since the structure and function of each
protein subunit are not yet well known. In particular, it
remains unclear how complex I translocates protons across
the mitochondrial inner membrane coupled to electron
transfer. In summary, 3644T—C is a rare base substitution
of mtDNA but induces modest impairment of complex 1
activity and becomes a risk factor for bipolar disorder.

Materials and methods
Subjects

Patients with bipolar disorder were diagnosed according
to the DSM-III-R or DSM-IV criteria by at least two

Table 4
Enzyme activities of electron-transport chain of cvbnds with 3644C and
controls

Control 3644C pPells  p value*
{mean + SD), (mean & SD),
N=4 N=2

Complex I/CS 1447 £ 5.43 764 £ 008 4382 0.06
Complex 1IVCS 3215 £ 1278 2112 £ 272  7.36 0.36

Complex IV/CS 3974 £ 1124 2921 £ 657 0.76 0.36
* The p value was calculated using the Mann—Whitney U test.
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interview sessions by two senior psychiatrists and a
consensus diagnosis was made. Their family history of
mental disorder was assessed by interviewing the proband
and available relatives. Control subjects were recruited from
the staff’ or students of participating institutes and their
friends, who reported themselves fo be healthy. Written
informed consent was obtained from all subjects. This study
was approved by the ethics committees of RIKEN and all
participating institutes,

The stady subjects for the imitial association study _

consisted of 199 patients with bipolar disorder (143
bipolar 1 and 56 bipolar II, 76 male and 123 female,
49.8 years of age or average) and 258 healthy volunteers
(129 male and 129 female, 33.0 years of age on average).
An additional independent sample set in COSMO con-
sisted of 431 patients with bipolar disorder (214 male and
217 female, 49.5 years of age on average) and 476 healthy
volunteers (226 male and 250 female, 50.4 years of age on
average).

Six patients with bipolar disorder with somatic symptoms
suggestive of mitochondrial disorders were chosen from the
first sample set for examination of the entire mtDNA. They
had been recruited in our bipolar disorder study based on
our inclusion criteria, having DSM-IV bipolar disorder by
gonsensus diagnoses after two nonstructured interview
~ sessions with senior psychiatrists, and exclusion criteria,
having no clinically remarkable neurological diseases, head
- trauma, or comorbid Axis I diagnoses. Characteristics of
these six subjects are listed below and summarized in the
Table 1. 7 '

The transmitochondrial cybrids for the following func-
tional analyses were generated from 24 subjects in the initial
samples, including two patients with 3644C.

Case reports

Case 1, 38-year-old female, is a patient with bipolar I
disorder without psychotic features. She had the first episode
of mania with psychomotor agitation and confusion at age
17. Atage 27, she was admitted to a hospital due to bilateral
optic neuritis. She had no other symptoms suggestive of
multiple sclerosis. Her optic neuritis was improved by
steroid therapy, and final diagnosis was idiopathic optic
neuropathy. Because she had no relatives with optic neuro-
pathy and her symptoms were reversible, Leber disease was
not censidered by the attendant ophthalmologist.

Case 2 is a 61-year-old male diagnosed as having bipolar
I disorder. At age 30, he had the onset of mania with mood-
incongruent psychotic features. At age 60, after being
discharged from a psychiatric hospital, he was admitted to
a hospital due to stroke. Brain imaging revealed infarctions
in the cerebellum and the brain stem. During this hospital-
ization, chest X-ray showed enlarged heart and he was
diagnosed as idiopathic dilated cardiomyopathy. He also had
renal failure. His attendant physician did not suspect
mitochondrial disease.

Case 3 is a 56-year-old male diagnosed with bipolar I
disorder. At age 49, he had the onset of depression
characterized by depressive mood, fatigability, retardation,
insomnia, and suicidal thought. At age 52, he suddenly
became manic. During this manic episode, he caused a motor
vehicle accident. He was admitted to a psychiatric ward for
the treatment of mania. After the first admission, he had
generalized tonic clonic seizures. Although electroencepha-
lography (EEG) recording showed no signs of epilepsy, he
was clinically diagnosed as having epilepsy. At age 54, he
complained of swollen eyelid, and medical examination did
not show any signs of renal failure. He also complained of
muscle weakness and had an episode of felling down due to
muscle weakness. A neurologist saw this patient and assessed
that ptosis may be present but fluctuating and was not
pathological. He also showed some tendency of disturbed
movement of the eyes, but it was also fluctuating and he did
not have diplopia. Muscle weakness was not objectively
present. Based on these clinical examinations, the neurologist
ruled out mitochondrial disease from differential diagnosis
and judged that further investigation was not necessary.
Electrocardiogram indicated supraventricular extrasystole,
but it was not clinically remarkable.

Case 4 is a 46-year-old female diagnosed with bipolar I
disorder. At age 24, she had the onset of mania. At age 40,
she began rapid cycling. During her psychiatric hospital-
ization, EEG recording showed epileptic abnormality.
However, she did not have any signs or symptoms of
epilepsy and was not diagnosed as epileptic.

Case 5 is 57-year-old male diagnosed as having bipolar
I disorder. He had the onset of a manic episode at age 50.
Since bis clinical -representation resembled confusion
caused by organic mental disorder, he received lumbar
puncture by a npeurologist during psychiatric hospital-
ization, which showed elevated cerebrospinal fluid protein
levels. The newrologist also noted muscle weakness and
slight ptosis oo the left eyelid. However, these symptoms
were improved without any treatment and his subsequent
manic episodes were typical manic syndrome without any
additional neurological features or psychotic features. He
was finally diagnosed as having bipolar 1 disorder. After
the onset of bipolar disorder, he was diagnosed as having
non-insulin-dependent diabetes mellitus. Hig cranial mag-
netic resonance image showed multiple subcortical silent
infarction.

Case 6 is a 38-year-old male having bipolar I disorder.
His clinical record was published elsewhere [37]. He
complained of ptosis during antipsychotic treatment. Both
a neurologist and an ophthalmologist examined and
diagnosed him as not having any mitochondrial disease,
since his sign was transient and not clinically remarkable.

MtDNA sequencing

Total DNA was extracted from peripheral blood
lenkocytes by standard protocols. Entire mtDNA sequenc-
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ing was performed as previously described [38] with some
modifications. In short, eack DNA sample was diluted to
10 pg/ml, and nested PCR was performed. PCR was
initially performed to obtain two long PCR products, 6 and
11 kb of mtDNA; the second PCR was designed as a set
of three overlapping fragments from the first 6-kb PCR
product and six fragments from the first 11-kb PCR
product. After the second PCR, the products were treated
with a2 SeqDirect PCR Cleaning kit (Qbiogene, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Both
strands of these fragments were then sequenced with the
BigDye Terminator Cycle Sequencing kit (Applied Bio-
systemns, Foster City, CA, USA) and ABI Prism 3700
DNA sequencer (Applied Biosystems). Each mtDNA site
was read at least three times, including at least once for
each strand.

Genotyping

The two base substitutions of mtDNA, 3644T—C and
13928G—"T, were genotyped using the PCR-RFLP method
and sequencing. The enzymes and experimental conditions
for the PCR-RFLP were as follows: 3644 was genotyped by
primers 5'-GTAGAATGATGGCTAGGGTGACT-3' and 5-
TCTAGCCACCTCTAGCCTAGACG-3' and the restriction
enzyme Jail (Fermentas), 13928 by Y-CATACTCGGATTC-
TACGCTA-3, ¥-TTTAGGTAATAGCTTTTCTA-3, and
Nhel (Takara Bio, Inc., Shiga, Japan). MtDNAs 5178C—A
and 10398A—G were genotyped to determine the hap-
logroups. Genotypes of 5178C—A and 10398A—G were
examined as previously described [10].

Generation of cybrids

The 143B.TK™ p°206 cell line, lacking mtDNA and
established by King and Attardi [39]), was used for
generating cybrids. Platelets of patients and controls were
separated from peripheral blood and fused with p®206
cells using 40% polyethylene glycol 1500 (Sigma), as
previously described [40]. We used DMEM (Gibco BRL)
containing 10% FBS (fetal bovine serum; Gibco BRL),
penicillin/streptomycin, pyruvate (Gibco BRL), and wuri-
dine (Sigma) as the growth medium for p° cells. For the
selection of transmitochendrial cybrid cell lines, we used
DMEM containing 10% dialyzed FBS, penicillin/strepto-
mycin, and pyravate, After the harvest of individual
cybrid cell lines, the integration of mtDNA was con-
fimed by Southem blot analysis using 13S ribosomal
RNA repeating units as a reference {41]. The identity of
. the mtDNA of the cybrids with that of the domor was
verified by sequencing the D loop and genotyping several
polvmorphisms. For Southern blot analysis, we used the
ECL Labeling and Detection System according to the
manufacturer’s protocol (Amersham Biosciences Corp.,
NJ, USA). Cybrids were stored in liquid nitrogen for
further expertments.

Measurement of MMP using JC-1

MMP was estimated using JC-1 (Molecular Probes,
Eugene, OR) and flow cytometry. Cybrids stored in liquid
nitrogen were thawed and incubated in an atmosphere of 5%
CO; at 37°C in DMEM containing 10% FBS, penicillin/
streptomycin, and pyruvate. Cells (1 X 10°) were trypsi-
nized and harvested in 10 ml of DMEM containing 10%
FBS, washed with PBS (phosphate-buffered saline) once,
and stained with DMEM containing 5 pg/mi JC-1 for 13
min at 37°C. Cells were then washed with PBS and
subjected to analysis using a FACS (Epics Elite cell sorter;
Beckman Coulter, Fullerton, CA, USA) as previously
described [42]. The excitation wavelength was 488 nm by
argon ion laser. Emissions at 590 and 527 nm were isolated
by each photomultiplier detector and 10,000 cells were
measured for each experiment. The experiment was
performed in triplicate for each cell line. The cells with
polarized mitochondria were defined by an intensity ratio of
590 pm/527 nm above 0.2.

Activities of enzymes in the electron-transport chain

For the sample preparation of the mitochondrial fraction,
each line of cybrids was amplified until the cell count was
5 x 107, Cybrids were trypsinized and harvested in DMEM.
After being washed once with PBS -and once with isolation
buffer [210 mM D-mannitol, 71 mM sucrose, 1 mM EGTA,
0.5% bovine serum albumin (fatty acid free), 5 mM Hepes,
pH 7.2], the cells were suspended in 5 ml of isolation buffer.
Using a chilled Dounce glass homogenizer with a loose
fitting pestle, 20 passes were applied to the cell suspension
on ice, which was centrifuged at 700g for 7 min at 4°C. The
supernatant was centrifuged at 10,000g for 7 min at 4°C, and
the mitochondrial pellet was obtained. The pellet was
suspended in 250 mM sucrose, divided into aliquots, and
kept at —80°C until use, Activities of complexes I, I, and
IV wers measured as previously described [43]. Rotenone-
sensitive complex [ activity was measured by the change in
absorption of decylubiquinone. All samples were measured
within 1 month from preparation. The activity of each
complex was cormrected by citrate synthase activity. All the
chemical products for these assays were obtained from
Sigma. We used a UVminil240 spectrophotometer (Shi-
madzu, Kyoto, Japan) for this experiment.
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BRIEF REPORT

No Association Between the Val66Met Polymorphism
of the Brain-Derived Neurotrophic Factor Gene and
Bipolar Disorder in a Japanese Population: A
Multicenter Study

Hiroshi Kunugi, Yoshimi lijima, Masahiko Tatsumi, Mariko Yoshida, Ryota Hashimoto, Tadafumi Kato,
Kaoru Sakamoto, Takako Fukunaga, Toshiya Inada, Tatsuyo Suzuki, Nakao iwata, Norio Ozaki, Kazuo
Yamada, and Takeo Yoshikawa

Background: Two previous studies reported a significant association between a missense polymorphism (ValG6Met) in the
brain-derived neurotrophic factor (BDNF) gene and bipolar disorder; bowever, contradictory negative results bave also been reported,
necessitating further investigation.

Metbods: We organized a multicenter study of a relatively large sample of 519 patients with bipolar disorder (according to DSM-IV
criteria) and 588 comtrol subjects marched for gender, age, and ethnicity (Japanese), Genotyping was done by polymerase chain
reaction—based restriction fragment length polymorpbism or direct sequencing,

Results: The genotype distributions and allele frequencies were similar among the patients and control subjects. Even if the possible
relationships of the polymorphbism with several clinical variables (i.e., bipolar I or IT, presence of psychotic features, family bzszory, and
age of onset) were examined, no variable was related 1o the po{}uno:pbzsm

Conclusions: The Val66Met polymorphism of the BDNF gene is unrelated to the development or clinical features of bipolar dtsorder

at least in a Japanese population.

Key Words: Association study, bipolar disorder, brain-derived neu-
rotrophic factor, genetics, single nucleotide polymorphism,
susceptibility

neurotrophin family and promotes the development,
regeneration, survival, and maintenance of function of
neurons (Maisonpierre et al 1991). It modulates synaptic plastic-
- ity and neurotransmitter release across multiple neurotransmitter
systems, as well as the intracellular signal-transduction pathway
(Thoenen 1995). Growing evidence has suggested important
roles of BDNF in the pathogenesis of mood disorders and in the
mechanism of action of therapeutic agents, such as mood
stabilizers and antidepressants (reviewed by Duman 2002). In
postmortem brains of patents with bipolar disorder, BDNF
protein was reduced compared with control subjects (Knable et
al 2004). Chronic electroconvulsive seizure or antidepressant
drug treatments increase messenger ribonucleic acid of BDNF
and its receptor, tyrosine kinase receptor B (Nibuya et al 1995).

B rain-derived neurotrophic factor (BDNF) belongs to the
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Lithium might also exert its neuroprotective effect through
enhancing expression of BDNF and trkB (Hashimoto et al 2002).

The BDNF gene is, therefore, an attractive candidate gene that
might cause susceptibility to bipolar disorder or influence the
clinical phenotype of the illness. Indeed, at least two previous
studies reported a significant association between a missense
polymorphism (Valé6Mer; National Center for Biotechnology
Information Database of Single Nucleotide Polymorphisms ref-
erence number 1562G5) of the BDNF gene and bipolar disorder
(Neves-Pereira et al 2002; Sklar et al 2002); however, contradic-
tory negative results have also been reported (Hong et al 2003;
Nakata et al 2003). One possible reason for this inconsistency is
the lack of statistical power due to small sampie size. To draw
any conclusion with respect to this' possible association, we
organized a multicenter study in which six laborarories com-
bined their data to ensure adequate statistical power.

Methods and Materials

Subjects

Six laboratories (National Institute of Mental Health, two
laboratories of the Brain Science Institute, Showa University,
Tokyo Women's Medical College, and Fujita Health University)
collected deoxyribonucleic acid (DNA) samples from patients
with bipolar disorder and healthy contral subjects. Each institute

-provided DNA samples of patients and control subjects matched

for gender, age, and geographic area, which yielded a combined
sample of 519 patients with bipolar disorder (244 male) and 588
control subjects (287 male}. Mean age (+ SD) for the patients was
49.3 £ 14.3 years and for the control subjects was 48.4 £ 12.7
years. All the patients and conwreol subjects were Japanese and
biologically unrelated. Consensus diagnosis of bipolar disorder
was made for each patient by at least two experienced psychia-
trists according to DSM-IV criteria (American Psychiatric Associ-
ation 1994) on the basis of unstructured interviews and medical
records. Among the patients, 347 were diagnosed as bipolar I

BIOL PSYCHIATRY 2004;56:376-378
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Table 1. Genotype Distributions and Allele Frequencies for the Val66Met Polymorphism of the BDONF Gene Among the Patients with Bipolar Disorder and

Control Subjects

Genotype Distribution

Allele Frequency

n Val/Val Val/Met Met/Met n Val Met
Patients
Total 519 188 (36.2) 239 (46.1) 92 (177} 1038 615 (59.2) 423 (40.8)
Bipolar | 347 123 (354) 166 (47.8) 58 (16.7) 694 412 (59.4) 282 (40.6)
Bipolar Il 172 65 (37.8) 73 (42.4) 34 (19.8) 354 203 (59.0) 141 (41.0)
Control subjects 588 216 {36.7) 270 (45.9) 102 (173) 1176 702 (59.7) 474 (40.3)

Values in parentheses are percentages. Genotypewise comparisons: total patients vs. control subjects: x*{2) = 0, p = .98; bipolar I vs. control subfects: X
{2} = .3, p = .86; bipolar Il vs. control subjects: x* (2) = .8, p = .69. Allelewise comparisons: total patients vs. control subjects: X (1} =0, p = 83; bipofar | vs.
control subjects: ¥* (1) = .0, p = .96; bipolar Il vs. control subjects: ¥* (1) = .0,p = 94.

and the remaining 172 as bipolar II. Control subjects were
healthy volunteers who had no current or past contact with
psychiatric services. The control subjects were recruited from the
hospital staffs and their associates at each institution who
showed good social functioning and reported themselves to be
in good health. They were interviewed, and those individuals
who had cument or past contact with psychiatric services were
excluded. Written informed consent for participation in the study
was obtained from all subjects. The study protocol was approved
by the institutional ethics committees.

Methods

Venous blood was drawn, and genomic DNA was extracted
according to standard procedures. Genotyping was performed
according to Neves-Pereira et al (2003). Briefly, the polymorphic
site was amplified by polymerase chain reaction (PCR) and then
digested with a restriction enzyme, Eco72l. The digested PCR
products were visualized with gel electrophoresis and subse-
quent ethidium bromide staining. Genotyping for a portion of
subjects was done by direct sequencing of PCR products encom-
passing the polymorphic site with an autosequencer (CEQ 8000;
Beckman Coulter, Fullerton, California). Genorype data were
read blind to the case-control status.

To examine the possible relationships of the Val6GMes poly-
morphism with clinical variables, information on age of onser,
family history, and presence of psychotic features (i.e., current or
past episode with delusions or hallucinations) was obtained. We
defined positive family history as having at least one first-degree
relative with a history of contact with psychiatric services with a
diagnosis of mood disorder or who was a suicide victim.
Individuals with ambiguous clinical data were excluded from
statistical analyses.

The presence of Hardy-Weinberg equilibrium for the geno-
rype distwibutions in the patients and control subjects was
examined with the x? test for goodness of fit. The differences in
the genotype and allele distributions between patients and
control subjects were examined with the x* test for indepen-
dence. The possible relationships between the polymorphism
and clinical variables were examined with the x° test for inde-
pendence or analysis of covariance (ANCOVA) within the patient
group. All p values reported are two-tailed.

Results

Genotype and aflele distributions of the Valé6Met polymor-
phism in the patients and control] subjects are shown in Table 1.
The genotype distributions in.the rwo groups were both in
Hardy-Weinberg equilibrium [patients: ¥*(1) = 1.1, p = .29,
control subjects: ¥°(1) = 1.2, p = .27]. The genotype and allele

_distributions for the patients were quite similar to those for the

control group (see Table 1). The genotype and allele distribu-
tions of the patients with bipolar ! and those with bipolar Il were
also similar:

When relationships between genotype and clinical variables
were examined, genotype and allele distributions were not
different according to presence of psychotic features (frequency
of the Val66 allele for psychotic patients: .567; for nonpsychatic
patients: .579) or family history (positive family history: .602;
negative: .603). Age of onset was also similar, irrespective of the
genotype (Val/Val: 35.3 * 13.5 years; Val/Met: 37.7 % 14.6 years;
Met/Met: 36.3 * 14.0 years). Even when ANCOVA controlling for
age and gender was performed, there was no significant differ-
ence in age of onset across the three genotypic groups [F(2) =
99, p = 371

Discussion

We tried to replicate the studies of Sklar et al (2002) and
Neves-Pereira et al (2002), who found a significant association
between the Val66Met polymorphism of the BDNF gene with
bipolar disorder. They reported excess transmission of the Valé6
allele to the patients in their family-based association studies.
Contrary to these findings, the genotype and allele frequencies
among the patients and conrrol subjects were similar in our
sample, which is in turn consistent with more recent studies
(Hong et al 2003; Nakara et al 2003), suggesting that the Val66Met
polymorphism of the BDNF gene is unrelated 1o the develop-
ment of bipolar disorder in our sample. Because our study had
adequare statistical power (more than 90% to detect an odds ratio
of 1.33 or more in allelic association; power analysis was
performed according to Armitage and Berry 1994), the potential
type II error due to lack of statistical power is unlikely, One
possible explanation for this inconsistency might be a differential
effect of the polymorphism depending on ethnicity, given that
the majority of the subjects of Sklar et al (2002) and Neves-Pereira
et al (2002) were Caucasian, whereas those of Hong et al (2003),
Nakata et al (2003), and in our study were Asian. Alternatively,
the positive results of Sklar et al (2002) and Neves-Pereira et al
{2002) might have arisen by chance.

Concerning the possible effect of the polymorphism on
clinical features, Rybakowski et al (2003) reported an earlier age
of onset in Val/Val than Val/Mert genotype (27 years vs. 38 years)
among patients with bipolar disorder. They also found that the
performance in all domains of the Wisconsin Card Sorting Test
was significantly better for bipolar patients with Val/Val than for
those with Val/Met genotype, suggesting a role of the Val66Met
polymorphism in prefrontal cognitive function in bipolar disor-
der. This accords with the findings of Egan et al (2003), who

www.elsevier.com/locate/biopsych
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reported that the MetGo allele was associated with lower activiry-
dependent secretion of BDNF and poorer human memory and
hippocampal function; however, we could not find any signifi-
cant effect of the genotype on clinical variables of age of onser,
subrype (bipolar I or ID, psychotic fearures, or family history.
Hong et al (2003) also failed to find significant difference in age
of onset or suicidal history across genotypic groups in their
Chinese subjects with bipolar disorder.”

In conclusion, our results, together with previous two studies
(Hong et al 2003; Nakarta et al 2003), suggest that the Valé6Met
polymorphism of the BDNF gene is unrelated to the develop-
ment or clinical features of bipolar disorder at least in Asian

populations; however, the possibility remains thart other variants

of the BDNF gene might be associated with bipolar disorder in
Asian populations, which requires further investigation.
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Several lines of evidence suggest that
increased generation of auto-oxidized dopa-
mine (DA) o-quinone is associated with the
neurotoxicity of methamphetamine (MAP)
in the brain, and that, as a cellular defenses
against DA-derived quinines, glutathione S-
transferase (GST) detoxifies auto-oxidized
DA o-quinone in the brain. Glutathione S-
transferase M1 (GSTMI) of the mu-class of
GSTs catalyzes reaction between glutath-
ione and catecholamine o-quinones under
physiological conditions. This study was
undertaken to investigate the role of the
GSTM!I gene deletion polymorphism in the
neuropathology of MAP abuse. One hundred
fifty-seven MAP abusers and 200 healthy
comparison subjects were tested for a
genetic polymorphism of GSTM1. The differ-
ence in the frequency of deletion (D)mon-
deletion (N) alleles between the female abu-
sers and female controls was close to statis-
tical significance (P =0.071)}, although there
was no statistical difference (P=0.651)
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between male abusers and male controls.
Furthermore, the number of female abusers
with deletion alleles was significantly
(P =0.007, odds ratio: 2.77, 95% CI 1.30-5.89)
higher than that of male abusers with dele-
tion alleles. These findings suggest that
GSTM1 gene deletion may contribute to a
vulnerability to MAP abuse in female sub-
jects, but not in male subjects.

© 2003 Wiley-Liss, Inc.

KEY WORDS: methamphetamine; drug
abuse; glutathione S-trans-
ferase; gender difference

INTRODUCTION _
Abuse of methamphetamine (MAP) is a growing

. problem worldwide. Some lines of evidence have

suggested strong genetic contributions te drug abuse
vulnerability [Uhl et al., 2002). The application of brain
imaging techniques to the study of drug abuse have
demonstrated that the density of dopamine (DA)
transporters is significantly reduced in the caudate/
putamen of MAP abusers [Sekine et al., 2001; Volkow
et al.,, 2001}, suggesting that long-term use of MAP
causes damage to dopaminergic neurons in the human
brain. Furthermore, it has been shown that MAP-
induced neurotoxicity in the brain has heen shown to
require striatum DA and to involve mechanisms
associated with oxidative stress [Cadet and Brannock,
19981, It is also known that DA is auto-oxidized and the
corresponding DA o-quinone {aminochrome) is subse-
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quently generated; moreover, aminochrome and its
subsequent product, DA o-semiquinone, elicit redox
cycling which leads to the generation of reactive oxygen

" species, which in turn degenerate dopaminergic neu-

rons [Graham et al., 1978; Smythies and Galzigna,
1998]. DA oxidation also results in the formation of
DA o-quinone, which readily participates in nucleophi-
lic addition reactions with suthydryl groups on free
cysteine, glutathione, or cysteine found in protein in-
cluding DA transporter [Graham et al.,, 1978; Hastings
and Zigmond, 1994; Smythies and Galzigna, 1998;
Whitehead et al., 2001]. In addition, it has been reported
recently that DA auto-oxidation contributes to MAP-

induced neurotoxicity to DA terminals, adding support

to the role of DA and oxidative stress in this model
[LaVoie and Hastings, 1999]. Taken together, it is likely
that increased generation of DA o-quinone by DA auto-
oxidation is associated with the neurotoxicity of MAP In
the brain.

Glutathione S-transferase M1 (GSTM1} is a subtype
of GS8Ts that detoxify =xenobiotics by conjugating
glutathione. It has been reported that GSTM1 catalyzes
a glutathione conjugate of catecholamine o-quinones
such as aminochrome {Smythies and Galzigna, 1998].
GSTM1 has an entire gene deletion polymorphism and
its enzymatic activity is classified into three grades, i.e.,
a highly active genotype (homozygous non-deletion
alleles; NN}, a moderately active genotype (heterozy-
gous non-deletion alleles; DN}, and a null genotype

.(homozygous deletion alleles; DD) [McLellan et al.,

1997]. Recently, it has been reported that the frequency
of D allele of GSTM1 gene in the patients with
schizophrenia was significantly (P=0.0075) higher
than that of normal-controls, suggesting that GSTM1
gene may be associated with an increased susceptibility
to schizophrenia [Harada et al., 2001a). Thus, it seems
that differences in the GSTM1 genoctype may contribute
to the development of MAP abuse. In order to verify a
potential role of the GSTM I gene in the neuropathology
by MAP abuse, we analyzed a polymorphism of the
GSTM]1 gene in subjects with diagnosed MAP-related
disorders and in control groups.

MATERIALS AND METHODS

The research was performed after obtaining approval
from the ethics committees of each institute of Japanese
Genetics Initiative for Drug Abuse (JGIDA), and all
subjects provided written informed consent for the use of
their DNA samples for this research. The subjects were
157 patients (125 males, age: 37 = 11 years (mean £ SD),
agerange: 19-69 years; and 32females, age: 28 & S years
(mean + SD), age range: 21-47 years) with MAP de-
pendence and psychotic disorder meeting ICD-10-DCR
criteria (F15.2 and F15.5) who were outpatients or
inpatients of psychiatric hospitals of JGIDA, and 200
age-, gender- and geographical origin-matched normal
controls (157 males, age: 37 & 11years (mean + SD), age
range: 19-69 years; and 43 females, age: 36 = 10 years
(mean + SD), age range: 21-58 years) mostly consisted
of medical staffs who had no past history and no family
history of drug dependence or psychotic disorders. All

subjects were Japanese, born and living in restricted
arrears of Japan including northern Kyusyu, Setouchi,
Tyukyou, Toukai, and Kantou.

The polymorphism studied in this project was the
deletion of the entire GSTMI gene. Genotyping for this
gene was performed by a combination of two types of
polymerase chain reaction (PCR) amplification as
reported previously [Harada et al., 2001a,b]. The first
type of PCR was used for the detection of a non-deletion
allele with the appropriate primers (forward: 5'-
CTTCACGTGTTATGGAG GTTC-3', reverse: 5
GCGAGTTATTCTGTGTGTAGC-3"). The other type of
PCR was used for the detection of a deletion allele with
suitable primers (forward: 5-ACAGAGGAAGGGTG-
CATTTGATA-3', reverse: 5¥-GACATTCATTCCCAAA-
GCGACCA-3"); both types of PCR were followed by
agarose gel electrophoresis with ethidium bromide
staining. Allele frequencies were calculated hy gene
counting and the differences between groups were eval-
uated by Fisher’s exact test. The odds ratio (OD) and
95% confidence intervals were calculated to evaluate the
effects of the different genotypes.

RESULTS

The GSTM1 genotypes and the allele frequencies in
MAP abusers and controls are shown in Table I. The
genotype distribution in both abusers and controls was
within the Hardy—Weinberg equilibrium. We found that
adifference in the frequency of deletion (D)/non-deletion
(N) alleles between the female abusers and female
controls was a trend toward a statistical significance
(P=0.071). In contrast, there was no significant dif-
ference between male abusers and male controls
(P=0.651). The frequency of carrying the D allele
among female abusers was significantly higher than
that in male abusers (P = 0.007, odds ratio: 2.77, 95% CI
1.30-5.89), whereas no gender difference was shown
among control subjects (P =0.297, odds ratio: 1.36, 35%
CI 0.80-2.31). The genotype distribution difference
between female abusers and female controls was
significant (P = 0.032), whereas no significant difference
hetween male abusers and male controls was shown
(P=0.819).

DISCUSSION

Our findings suggest that a deletion of the GSTM1
gene may contribute to MAP abuse vulnerability in
female, but not in male, subjects. Based on the role
played by GSTM1 in the antioxidant system preventing
neurotoxicity, GSTM1 gene deletion might lead to an
excess of catecholamine o-quinones {(e.g., aminochrome)

- that are neurotoxic in the brain, including DA neurons.

The reason underlying this gender difference is cur-
rently unclear. However, recent evidence has been
suggestive of gender differences in course of drug de-
pendence and drug abuse {Lynch et al., 2002]. It has
been reported that females enter treatment pro-
grams after fewer years of amphetamine use, and that
females also take less time to become addicted after
initial use than do males [Westermeyer and Boedicker,
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TABLE I. Allele and Genotype Frequencies of the GSTMI Gene Deletion Polymorphism in

MAP Abusers and Controls
Male Female
Abusers Controls Abusers _ Controls
{n =125} (n=157 (n=32) (n=43)
GSTMA1 allele frequency
D 172 (68.8%) 210 (66.9%) 55 (85.9%) 63 (73.3%)
N 78 (31.2%) 104 (33.1%) 9 (14.1%) 23 (26.7%)
P=0.651 P=0.071
GSTM1 genotype frequency
DD 58 (46.4%) 67 (42.7%) 24 {75.0%) 21 (48.8%)
DN 56 (44.8%) 76 (48.4%) T (21.9%} 21 (48.8%)
NN 11(8.8%) 14 (8.9%) 1(3.1%) 1(2.3%)
P=0.819 P=0.032*

GSTM], glutathione S-transferase M1; MAP, methamphetamine; D, deletion allele; N, non-deletion allele.

*P < 0.05.

2000). In addition, positive subjective effects of b-
amphetamine are enhanced during the follicular phase,
which correlates with changes in estrogen levels [Lynch
et al.,, 2002).

It has been suggested that gonadal hormones such as
estrogen play a role in the differences between males
and females regarding responses to drugs of abuse
[Lynch et al., 2002). In females, there is an accelerated
transition from controlled to uncontrolled use, namely,
dependence, and that gonadal hormones, particularly
estrogen, may play a role in these processes [Justice and
De Wit, 2000]. In studies using rats, estrogen has been
revealed to enhance the behavioral and neurochemical
responses to MAP by increasing stimulated DA release
[Becker, 1999]. Furthermore, recent studies using brain
imaging technique revealed that women have higher
levels of DA transporters [Mozley et al., 2001] and lower
DA D; receptor affinity in the striatum than men
[Pohjalainen et al., 1998], suggesting a lower baseline
of dopaminergic tone and elevated levels of DA released
by MAP in fermnales, Therefore, it is likely that gonadal
hormones and gender differences in dopaminergic
systems may be implicated in gender differences related
to susceptibility to addiction to psychomotor stimulants.
Thus, it appears that excess DA released by MAP might
generate an excess of DA o-quinone, rendering it
especially difficult for persons with low-activity GST to
detoxify a sufficient amount of DA o-quinone. Further-
more, the GSTM1 deletion would influence the suscept-
ibility of females to MAP abuse.

In conclusion, our findings suggest that GSTM I gene
deletion may contribute to a vulnerability to MAP abuse
in female subjects, but not in male subjects.

REFERENCES

Becker JB. 1999. Gender differences in dopaminergic function in striatum
and nucleus accumbens, Pharmacol Biochem Behav 64:803-812,

Cadet JL, Brannock C. 1998. Free radicals and the pathobialogy of brain
dopamine systems. Neurochem Int 32:117-131.

Graham DG, Tiffany SM, Bell WR Jr, Gutknecht WF. 1978. Auto-oxidation
versus covalent binding of quinones as the mechanism of toxicity of
dopamine, 6-hydroxydopamine, and related compounds toward C1300
neuroblastoma cells in vitro. Mol Pharmacol 14:644—-653.

Harada S, Fujii C, Hayashi A, Chkoshi N. 2001a. An association between
idiopathic Parkinson's disease and polymorphisms of phese II detox-
ification enzymes: Glutathione S-transferase M1 and quinone oxidor-
eductase 1 and 2, Biochem Biophys Res Commun 288:887-892.

Harada 8, Tachikawa H, Kawanishi Y. 2001b. Glutathione S-transferase M1
gene deletion may be associated with susceptibility to certain forms of
schizophrenia. Biochem Biophys Res Coromun 281:267-271.

Hastings TG, Zigmond MJ. 1994, Identification of catechol—protein
comjugates in neostriatal slices incubated with [*Hldopamine: Impact
of ascorbic acid and glutathiene. J Neurochem 63:1126-1132.

Justice AJ, De Wit H. 2000. Acute effects of D-amphetamine during the early
and late follicular phases of the menstrual cycle in women. Pharmacol
Biochem Behav 66:509-515.

LaVoie M.J, Hastings TG, 1999. Dopamine quingne formation and protein
modification associated with the strial neuretoxicity of methampheta-
mine: Evidence against a role for extracellular dopamine. J Neurosci
19:1484~1491,

Lynch WJ, Roth ME, Carroll ME. 2002. Biological basis of sex differences in
drug abuse: Preciinical and clinjcal studies. Psychopharmacol 164:121~
137,

McLlellan RA, Oscarson M, Alexandrie AK, Seidegird J, Evang DAP,
Rannug A, Ingelman-Sundberg M. 1997, Characterization of a human
ghutathione S-transferase p cluster containing a duplicated GSTM1
gene that causes ultrarapid enzyme activity. Mol Pharmacol 52:958-
965,

Moazley LH, Gur RC, Mozley PD, Gur RE. 2001. Striatal dopamine
transporters and cognitive functioning in healthy men and women.
Am J Psychiatry 158:1492-1499,

Pohjalainen T, Rinne JO, Nagren K, Lehikoinen P, Anttila K, Syvalahti EE,
Hietala J. 1998, The Al allele of the human D2 dopamine receptor gene
predicts low D2 receptor availability in healthy volunteers. Mol
Psychiatry 3:256-260.

Sekine ¥, Fyo M, Ouchi Y, Matunaga T, Tsukada H, Okada H, Yoshikawa E,
Futatsubashi M, Takei N, Mori N. 2001. Methamphetamine-related
psychiatric symptoms and reduced brain dopamine transporters studied
with PET. Am J Psychiatry 158:1206-1214.

Smythies J, Galzigna L. 1998. The oxidative metabolism of catecholamines
in the brain: A review. Biochim Biophys Acta 1380:159-162.

Uhl GR, Liu QR, Naiman D. 2002. Substance abuse vulnerability loci: °
Converging genome scanning data. Trends Genet 18:420-~-425.

Volkow ND, Chang L, Wang GJ, Fowler IS, Leonide-Yee M, Franceschi D,
Sedler MJ, Gateley 5J, Hitzemann R, Ding ¥5. 2001. Association of

 dopamine transporter reduction with psychomotor impairment in
methamphetamine abusers. Am J Psychiatry 158:377-382,

Westermeyer J, Boedicker AE. 2000. Course, severity, and treatment af
substance abuse among women versus men. Am J Drug Alechol Abuse
26:523-535.

Whitehead RE, Ferrer JV, Javitch J& Justice JB. 2001. Reaction of oxidized
dopamine with endogenous cysteine residues in the human dopamine
transporter. J Neurochem 76:1242-1251.

—179—



