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was saturated. Finally, it is possible that females use a
broader brain area outside the prefrontal area during the
VFT-1 than males do, so that the increase of the Oxy-Hb
level seemed lower in females. To the best of our know-
ledge, no clear evidence for this latter explanation has
been reported, but it has been reported that the brain ac-
tivation during linguistic tasks in males might be more
lateralized than in females [47], which implies that brain
activation could be different between the genders ac-
cording to the task.

4.3. Correlation of the Prefrontal Oxy-Hb
Increase with BDNF

In the present study, the correlations of BDNF polymer-
phism, Val66Met, and serum BDNF level with the
Oxy-Hb levels in the prefrontal lobe during cognitive
tasks were negative in healthy subjects. Accumulating
evidence suggests that the BDNF Val66Met polymer-
phism affects cognitive performance. In previous studies,
subjects with Met carriers scored lower in the cognitive
tasks than subjects with Val/Val genotypes, and relevance
has been found in healthy subjects [14,15] as well as in
patients with mental illness such as schizophrenia [15]
and bipolar disorder [16]. One of the possible reasons for
our negative result is that the performance of the episodic
memory task associated with the BDNF genotypes in the
previous studies with fMRI reflected hippocampal acti-
vation rather than prefrontal activation [15,48]. Thus the
effect of the Val66Met polymorphism of BDNF might be
difficult to detect by NIRS measurement. Another is that
the relevance between the BDNF genotype and the pre-
frontal activation might be illness specific. Scores on the
Wisconsin Card Sorting Test (WCST), which activates
the dorsolateral prefrontal cortex, was reported to be as-
sociated with the BDNF variance in bipolar disorder but
not in schizophrenia or in healthy controls [49]. In addi-
tion, it should be considered that no difference in cogni-
tive function according to the BDNF genotype has yet
been reported in a healthy Japanese population, and the
distribution of the BDNF genotype shows clear ethnic
differences [50]. Thus, our results might be different
from those involving subjects of other ethnicities. To
date, there is only one study that suggested a correlation
between functional genotype variation and NIRS mea-
surement. By using the 52-channel NIRS with the VFT-],
Takizawa et al. (2009) suggested that a functional SNP of
catechol-O-methyltransferase (COMT), Met108/158Val,
might affect the prefrontal Oxy-Hb level in subjects with
schizophrenia, although relevance was not seen in healthy
controls [51]. Serum BDNF level has been indicated to
be correlated with the severity of major depression [30]
and with treatment response [18-20], but there has been
no report that investigated the correlation with prefrontal

Copyright © 2012 SciRes.

activity measured by NIRS. Our results suggest that there
was no correlation between serum BDNF level and pre-
frontal activity in healthy individuals. Our results also
suggest that, in healthy subjects, the BDNF level is nei-
ther affected by temporal depressed mood and/or anxiety
nor correlated with the Oxy-Hb level of the prefrontal
lobe measured by NIRS. Since neither of our negative
results regarding the relevance of the Oxy-Hb levels
measured by NIRS to BDNF genotype and serum BDNF
level disproves that the relevance might be altered in
those who suffer from mental illnesses such as mood dis-
orders, anxiety disorders, or schizophrenia, further study
with such patients would be of great interest. Moreover,
it should be considered a limitation of our study that we
could not collect the blood samples from all of the sub-
jects recruited in the NIRS study. Thus, our results
should be considered preliminary.

5. CONCLUSION

In applying NIRS measurement to basically healthy in-
dividuals, it was found that the increase of the prefrontal
Oxy-Hb level during cognitive tasks (VFT-1 and Stroop
test) was significantly correlated with depressed mood
only in males. In addition, the course of the Oxy-Hb in-
crease in the prefrontal lobe was different depending on
the cognitive task, ie. the VFT-1 or the Stroop test, in
both genders. The correlations of the Oxy-Hb increase
during the cognitive tasks with the BDNF genotype and
serum BDNF level were negative. Our data suggest that
the temporal mental status might affect the course of the
prefrontal Oxy-Hb change during certain cognitive tasks
and that NIRS measurement has the potential to be a
useful tool for detecting early subclinical manifestations
of depressed mood in males that are not correlated with
the individual properties of BDNF.

6. ACKNOWLEDGEMENTS

A part of this research was supported by the Strategic Research Pro-
gram for Brain Sciences “Brain Machine Interface Development” by
the Ministry of Education, Culture, Sports, Science and Technology of

Japan.

REFERENCES

[1] Adler, D.A., McLaughlin, T.J., Rogers, W.H., Chang, H.,
Lapitsky, L. and Lerner, D. (2006) Job performance defi-
cits due to depression. American Journal of Psychiatry,
163, 1569-1576. doi:/10.1176/appi.ajp.163.9.1569

[21 Kessler, R.C., Berglund, P., Demler, O., Jin, R., Meri-
kangas, K.R. and Walters, E.E. (2005) Lifetime preva-
lence and age-of-onset distributions of DSM-IV disorders
in the National Comorbidity Survey Replication. Archives
of General Psychiatry, 62, 593-602.

OPEN ACCESS

- 251 -



(31

[4]

(3]

(6]

[7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

D. Matsuzawa et al. / Open Journal of Psychiatry 2 (2012) 194-203

Pignone, M.P., Gaynes, B.N., Rushton, J.L., Burchell, C.
M., Orleans, C.T., Mulrow, C.D. and Lohr, K.N. (2002)
Screening for depression in adults: A summary of the
evidence for the U.S. Preventive Services Task Force.
Annals of Internal Medicine, 136, 765-776.

Hammen, C., Kim, E.Y., Eberhart, N.K. and Brennan,
P.A. (2009) Chronic and acute stress and the prediction of
major depression in women. Depression and Anxiety, 26,
718-723. doi:/10.1002/da.20571

Mazure, C. (1998) Life Stressors as risk factors in de-

pression. Clinical Psychology: Science and Practice, 5,
291-313.

Maki, A., Yamashita, Y., Ito, Y., Watanabe, E., Maya-
nagi, Y. and Koizumi, H. (1995) Spatial and temporal
analysis of human motor activity using noninvasive NIR
topography. Medical Physics, 22, 1997-2005.
doi:/10.1118/1.597496

Irani, F., Platek, S.M., Bunce, S., Ruocco, A.C. and
Chute, D. (2007) Functional near infrared spectroscopy
(fNIRS): An emerging neuroimaging technology with im-
portant applications for the study of brain disorders. Cli-
nical Neuropsychologist, 21, 9-37.
doi/10.1080/13854040600910018

Herrmann, M.J., Ehlis, A.C. and Fallgatter, A.J. (2004)
Bilaterally reduced frontal activation during a verbal flu-
ency task in depressed patients as measured by near-in-
frared spectroscopy. Journal of Neuropsychiatry & Clini-
cal Neurosciences, 16, 170-175.
doi:/10.1176/appi.neuropsych.16.2.170,

Kameyama, M., Fukuda, M., Yamagishi, Y., Sato, T.,
Uehara, T., Ito, M., Suto, T. and Mikuni, M. (2006)
Frontal lobe function in bipolar disorder: A multichannel
near-infrared spectroscopy study. Neuroimage, 29, 172-
184. doi:/10.1016/i.neuroimage.2005.07.025

Suto, T., Fukuda, M., Ito, M., Uehara, T. and Mikuni, M.
(2004) Multichannel near-infrared spectroscopy in de-
pression and schizophrenia: Cognitive brain activation
study. Biological Psychiatry, 55, 501-511.
doi:/10.1016/j.biopsych.2003.09.008

Marcus, S.M., Young, E.A., Kerber, K.B., Kornstein, S.,
Farabaugh, A.H., Mitchell, J., Wisniewski, S.R., Bala-
subramani, G.K., Trivedi, M.H. and Rush, A.J. (2005)
Gender differences in depression: Findings from the
STAR*D study. Journal of Affective Disorders, 87, 141-
150. doi:/10.1016/j.jad.2004.09.008

Binder, D.K. and Scharfman, H.E. (2004) Brain-derived
neurotrophic factor. Growth Factors, 22, 123-131.
doi:/10.1080/08977190410001723308

Hariri, A.R., Goldberg, T.E., Mattay, V.S., Kolachana,
B.S., Callicott, J.H., Egan, M.F. and Weinberger, D.R.
(2003) Brain-derived neurotrophic factor val66met poly-
morphism affects human memory-related hippocampal
activity and predicts memory performance. Journal of
Neuroscience, 23, 6690-6694.

Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E.,
Kolachana, B.S., Bertolino, A., Zaitsev, E., Gold, B.,
Goldman, D., Dean, M., Lu, B. and Weinberger, D.R.
(2003) The BDNF val66met polymorphism affects activ-
ity-dependent secretion of BDNF and human memory

Copyright © 2012 SciRes.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

- 252 -

201

and hippocampal function. Cell, 112, 257-269.
doi:/10.1016/S0092-8674(03)00035-7

Dempster, E., Toulopoulou, T., McDonald, C., Bramon,
E., Walshe, M., Filvey, F., Wickham, H., Sham, P.C.,
Murray, RM. and Collier, D.A. (2005) Association be-
tween BDNF val66 met genotype and episodic memory.
American Journal of Medical Genetics Part B: Neuro-
psychiatric Genetics, 134B, 73-75.
doi:/10.1002/ajmg.b.30150

Rybakowski, J.K., Borkowska, A., Czerski, P.M., Skib-
inska, M. and Hauser, J. (2003) Polymorphism of the
brain-derived neurotrophic factor gene and performance
on a cognitive prefrontal test in bipolar patients. Bipolar
Disorder, 5, 468-472.
doi:/10.1046/1.1399-5618.2003.00071.x

Karege, F., Bondolfi, G., Gervasoni, N., Schwald, M.,
Aubry, JM. and Bertschy, G. (2005) Low brain-derived
neurotrophic factor (BDNF) levels in serum of depressed
patients probably results from lowered platelet BDNF re-
lease unrelated to platelet reactivity. Biological Psychia-
try, 57, 1068-1072. doi:/10.1016/j.biopsych.2005.01.008

Rybakowski, JK., Borkowska, A., Skibinska, M. and
Hauser, J. (2006) Illness-specific association of val66met
BDNF polymorphism with performance on Wisconsin
Card Sorting Test in bipolar mood disorder. Molecular
Psychiatry, 11, 122-124. doi:/10.1038/sj.mp.4001765

Gonul, A.S., Akdeniz, F., Taneli, F., Donat, O., Eker, C.
and Vahip, S. (2005) Effect of treatment on serum brain-
derived neurotrophic factor levels in depressed patients.
European Archives of Psychiatry and Clinical Neurosci-
ence, 255, 381-386. doi:/10.1007/s00406-005-0578-6

Shimizu, E., Hashimoto, K., Okamura, N., Koike, K.,
Komatsu, N., Kumakiri, C., Nakazato, M., Watanabe, H.,
Shinoda, N., Okada, S. and Iyo, M. (2003) Alterations of
serum levels of brain-derived neurotrophic factor (BDNF)
in depressed patients with or without antidepressants.
Biological Psychiatry, 54, 70-75.
doi:/10.1016/50006-3223(03)00181-1

Lang, U.E., Hellweg, R. and Gallinat, J. (2004) BDNF
serum concentrations in healthy volunteers are associated
with depression-related personality traits. Neuropsycho-
pharmacology, 29, 795-798. doi:/10.1038/sj.npp.1300382

Zigmond, A.S. and Snaith, R.P. (1983) The hospital
anxiety and depression scale. Acta Psychiatrica Scandi-
navica, 67, 361-370.
doi:/10.1111/1.1600-0447.1983.tb09716.x

Association, A.P. (1994) Diagnostic and statistical man-
val of mental disorders. 4th Edition, American Psychiat-
ric Press, Washington DC.

Watanabe, E., Maki, A., Kawaguchi, F., Takashiro, K.,
Yamashita, Y., Koizumi, H. and Mayanagi, Y. (1998)
Non-invasive assessment of language dominance with
near-infrared spectroscopic mapping. Neuroscience Let-
ters, 256, 49-52. doi:/10.1016/S0304-3940(98)00754-X

MacLeod, C.M. (1991) Half a century of research on the
Stroop effect: An integrative review. Psychological Bul-
letin, 109, 163-203. doi:/10.1037/0033-2909.109.2.163

Shimada, S. and Hiraki, K. (2006) Infant’s brain re-

OPEN ACCESS



202

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[33]

[36]

(37]

[38]

D. Matsuzawa et al. / Open Journal of Psychiatry 2 (2012) 194-203

sponses to live and televised action. Newroimage, 32,
930-939. doi:/10.1016/j.neuroimage.2006.03.044

Minagawa-Kawai, Y., Mori, K., Furuya, 1., Hayashi, R.
and Sato, Y. (2002) Assessing cerebral representations of
short and long vowel categories by NIRS. Neuroreport,
13, 581-584.

Shimoda, N., Takeda, K., Imai, I., Kaneko, J. and Kato, H.
(2008) Cerebral laterality differences in handedness: A
mental rotation study with NIRS. Neuroscience Letters,
430, 43-47. doi:/10.1016/i.neulet.2007.10.016

Takeda, K., Gomi, Y., Imai, I., Shimoda, N., Hiwatari, M.
and Kato, H. (2007) Shift of motor activation areas dur-
ing recovery from hemiparesis after cerebral infarction: A
longitudinal study with near-infrared spectroscopy. Neu-
roscience Research, 59, 136-144.
doi:/10.1016/.neures.2007.06.1466,

Itoh, K., Hashimoto, K., Kumakiri, C., Shimizu, E. and
Iyo, M. (2004) Association between brain-derived neuro-
trophic factor 196 G/A polymorphism and personality
traits in healthy subjects. American Journal of Medical
Genetics Part B: Neuropsychiatric Genetics, 124B, 61-63.
doi:/10.1002/ajmg.b.20078

Kakimoto, Y., Nishimura, Y., Hara, N., Okada, M., Tanii,
H. and Okazaki, Y. (2009) Intrasubject reproducibility of
prefrontal cortex activities during a verbal fluency task
over two repeated sessions using multi-channel near-in-
frared spectroscopy. Psychiatry and Clinical Neurosci-
ences, 63, 491-499.
doi:/10.1111/.1440-1819.2009.01988.x

Kono, T., Matsuo, K., Tsunashima, K., Kasai, K., Taki-
zawa, R., Rogers, M.A., Yamasue, H., Yano, T., Taketani,
Y. and Kato, N. (2007) Multiple-time replicability of
near-infrared spectroscopy recording during prefrontal
activation task in healthy men. Neuroscience Research,
57, 504-512. doi:/10.1016/j.neures.2006.12.007

Braver, T.S., Cohen, J.D., Nystrom, L.E., Jonides, J.,
Smith, E.E. and Noll, D.C. (1997) A parametric study of
prefrontal cortex involvement in human working memory.
Neuroimage, 5, 49-62. doi:/10.1006/nimg.1996.0247

Fridriksson, J. and Morrow, L. (2005) Cortical activation
and language task difficulty in aphasia. Aphasiology, 19,
239-250. doi:/10.1080/02687030444000714

Drevets, W.C. (2000) Neuroimaging studies of mood
disorders. Biological Psychiatry, 48, 813-829.
doi:/10.1016/50006-3223(00)01020-9

Galynker, II, Cai, J., Ongseng, F., Finestone, H., Dutta, E.
and Serseni, D. (1998) Hypofrontality and negative sym-
ptoms in major depressive disorder. Journal of Nuclear
Medicine, 39, 608-612.

Milak, M.S., Parsey, R.V., Keilp, J., Oquendo, M.A.,
Malone, K.M. and Mann, J.J. (2005) Neuroanatomic cor-
relates of psychopathologic components of major depres-
sive disorder. Archives of General Psychiatry, 62, 397-
408. doi:/10.1001/archpsyc.62.4.397

Kameyama, M., Fukuda, M., Uehara, T. and Mikuni, M.
(2004) Sex and age dependencies of cerebral blood vol-
ume changes during cognitive activation: A multichannel
near-infrared spectroscopy study. Neuroimage, 22, 1715-

Copyright © 2012 SciRes.

(39]

(40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

(49]

- 253 -

1721. doi:/10.1016/j.neuroimage.2004.03.050

Herrmann, M.J., Walter, A., Ehlis, A.C. and Fallgatter,
A.J. (2006) Cerebral oxygenation changes in the prefron-
tal cortex: Effects of age and gender. Neurobiology of
Aging, 27, 888-894.
doi:/10.1016/j.neurobiolaging.2005.04.013

Ehlis, A.C., Herrmann, M.J., Wagener, A. and Fallgatter,
A.J. (2005) Multi-channel near-infrared spectroscopy de-
tects specific inferior-frontal activation during incongru-
ent Stroop trials. Biological Psychology, 69, 315-331.
doi:/10.1016/].biopsycho.2004.09.003

Schroeter, M.L., Zysset, S., Kruggel, F. and Von Cramon,
D.Y. (2003) Age dependency of the hemodynamic re-
sponse as measured by functional near-infrared spectros-
copy. Neuroimage, 19, 555-564.
doi:/10.1016/81053-8119(03)00155-1

Yanagisawa, H., Dan, ., Tsuzuki, D., Kato, M., Okamoto,
M., Kyutoku, Y. and Soya, H. (2010) Acute moderate
exercise elicits increased dorsolateral prefrontal activa-
tion and improves cognitive performance with Stroop test.
Neuroimage, 50, 1702-1710.
doi:/10.1016/j.neurcimage.2009.12,023

Kems, J.G., Cohen, J.D., MacDonald, A.W., Johnson,
M.K., Stenger, V.A., Aizenstein, H. and Carter, C.S. (2005)
Decreased conflict- and error-related activity in the ante-
rior cingulate cortex in subjects with schizophrenia. Am-
erican Journal of Psychiatry, 162, 1833-1839,
doi:/10.1176/appi.ajp.162.10.1833

Yucel, M., Pantelis, C., Stuart, G.W., Wood, S.J., Maruff,
P., Velakoulis, D., Pipingas, A., Crowe, S.F., Tochon-
Danguy, H.J. and Egan, G.F. (2002) Anterior cingulate
activation during Stroop task performance: A PET to
MRI coregistration study of individual patients with schi-
zophrenia. American Journal of Psychiatry, 159, 251-
254. doi:/10.1176/appi.ajp.159.2.251

Gur, R.C., Gur, R.E., Obrist, W.D., Hungerbuhler, J.P.,
Younkin, D., Rosen, A.D., Skolnick, B.E. and Reivich, M.
(1982) Sex and handedness differences in cerebral blood
flow during rest and cognitive activity. Science, 217, 659-
661. doi:/10.1126/science.7089587

Rodriguez, G., Warkentin, S., Risberg, J. and Rosadini, G.
(1988) Sex differences in regional cerebral blood flow.
Journal of Cerebral Blood Flow & Metabolism, 8, 783-
789. doi:/10.1038/jcbfm.1988.133

Kansaku, K., Yamaura, A. and Kitazawa, S. (2000) Sex
differences in lateralization revealed in the posterior lan-
guage areas. Cerebral Cortex, 10, 866-872.
doi:/10.1093/cercor/10.9.866

Hariri, A.R., Goldberg, T.E., Mattay, V.S., Kolachana,
B.S., Callicott, J.H., Egan, M.F. and Weinberger, D.R.
(2003) Brain-derived neurotrophic factor val66met poly-
morphism affects human memory-related hippocampal
activity and predicts memory performance. Journal of
Neuroscience, 23, 6690-6694.

Rybakowski, J.K., Borkowska, A., Skibinska, M. and
Hauser, J. (2006) Illness-specific association of val66met
BDNF polymorphism with performance on Wisconsin
Card Sorting Test in bipolar mood disorder. Molecular
Psychiatry, 11, 122-124. doi/10.1038/sj.mp.4001765

OPEN ACCESS



D. Matsuzawa et al. / Open Journal of Psychiatry 2 (2012) 194-203 203

[50] Shimizu, E., Hashimoto, K. and Iyo, M. (2004) Ethnic [51] Takizawa, R., Tochigi, M., Kawakubo, Y., Marumo, K.,

difference of the BDNF 196G/A (val66met) olymorphism Sasaki, T., Fukuda, M. and Kasai, K. (2009) Association
frequencies: The possibility to explain ethnic mental traits. between catechol-O-methyltrasferase Val108/158Met geno-
American Journal of Medical Genetics Part B: Neuro- type and prefrontal hemodynamic response in schizoph-
psychiatric Genetics, 126B, 122-123. renia. PLoS One, 4, e5495.
doi:/10.1002/ajme.b.20118 doi:/10.1371/journal.pone.0005495

Copyright © 2012 SciRes. OPEN ACCESS

- 254 -



wsMs Life, 64(5): 355-361, May 2012

Critical Review

Possible Involvement of Brain-derived Neurotrophic Factor in Eating

Disorders

Michiko Nakazato'?, Kenji Hashimoto®, Eiji Shimizu'*, Tomihisa Niitsu', and Masaomi Iyo*®
'Research Center for Child Mental Development, Chiba University Graduate School of Medicine, Chiba, Japan
*Department of Child Psychiatry, Chiba University Hospital, Chiba, Japan

3Division of Clinical Neuroscience, Chiba University Center for Forensic Mental Health, Chiba, Japan
*Department of Cognitive Behavioral Physiology, Chiba University Graduate School of Medicine, Chiba, Japan
>Department of Psychiatry, Chiba University Graduate School of Medicine, Chiba, Japan

Summary

Eating disorders (EDs) manifest as abnormal patterns of eat-
ing behavior and weight regulation driven by low self-esteem
due to weight preoccupation and perceptions toward body
weight and shape. Two major groups of such disorders are ano-
rexia nervosa (AN) and bulimia nervosa (BN). The etiology of
EDs is complex and evidence indicates that both biological/
genetic and psychosocial factors are involved. Several lines of
evidence indicate that brain-derived neurotrophic factor
(BDNF) plays a critical role in regulating eating behaviors and
cognitive impairments in the EDs. BDNF is involved in neuro-
nal proliferation, differentiation, and survival during develop-
ment. BDNF and its tyrosine Kkinase receptor (TrkB) are
expressed in hypothalamic nuclei associated with eating behav-
iors. A series of studies using BDNF knockout mice and the
human BDNF gene indicate an association of BDNF and EDs
with predisposition and vulnerability. In the previous studies,
serum BDNF levels in subjects with EDs are reduced signifi-
cantly compared with healthy controls, hence, we proposed that
levels of serum BDNF would be a useful diagnostic indicator
for EDs. © 2012 ITUBMB
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF) is a member of
the nerve growth factor family, which includes nerve growth
factor, neurotrophin-3, and neurotrophin-4/5 (/-3). BDNF binds
to a specific receptor TrkB, which is present on the surface of
target cells, and regulates the growth of neuronal cells by medi-
ating processes such as survival, development, and enhanced
synaptic activity. Besides neuronal growth, differentiation,
maintenance, and potentiation, BDNF also modulates neuro-
transmitters, such as dopamine, and neural plasticity and bind-
ing mechanisms underlying long-term potentiation and learning/
memory (/-4). BDNF is widely distributed in the central nerv-
ous system (CNS), beginning early in development and extend-
ing throughout in the life span. In human brain, BDNF is most
abundant in several regions, including the hippocampus and the
cerebral cortex (/-3). BDNF readily crosses the blood-brain
barrier in both directions, and therefore, a substantial part of cir-
culating BDNF concentrations may originate from neurons and
glia cells in the CNS. In the peripheral tissues, it is acquired
from plasma membrane, partly produced in vascular endothelial
cells or smooth muscle cells, then internalized and stored
mainly in the platelets, and later, it is released into plasma
through activation or clotting process ().

The average serum levels of BDNF were about between 50-
and 100-fold higher than plasma levels; the difference is due to
degranulation of platelets during the clotting process. BNDF is
initially synthesized as a precursor protein proBDNF, and then
proBDNF is proteolytically cleaved to the mature BDNF. The
BDNF gene produced precursor proteinBDNF (preproBDNF) in
the endoplasmic reticulum. ProBDNF binds to intracellular
sortilin in the Golgi to facilitate proper folding of the mature
domain. ProBDNF preferentially binds p75"'~ receptors.
ProBDNF is cleaved by proteases at the synapses and
concerted to mature BDNF. Mature BDNF preferentially binds
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Protease
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Figure 1. The synthesis of BDNF from proBDNF. This figure is referred from the article by Hashimoto (6).

tropomyosin receptor kinase (Trk) B receptor (ref. 6; Fig. 1).
BDNF and TrkB are expressed in various hypothalamic nuclei
associated with eating behavior. In animal studies, mice hetero-
zygous for the BDNF gene (reduced BDNF levels) develop
enhanced intermale aggressiveness and hyperphagia accompa-
nied by significant weight gain in early adulthood, and these be-
havioral abnormalities are known to correlate with serotonergic
dysfunction (6). BDNF gene of heterozygous knockout mice
demonstrates increased levels of stress anxiety, locomotor activ-
ity, and abnormalities in eating behavior (7, §).

Eating disorders (EDs) manifest as abnormal patterns of eat-
ing behavior and weight regulation driven by low self-esteem
due to weight preoccupation and perceptions toward body
weight and shape. Two major groups of such disorders are ano-
rexia nervosa (AN) and bulimia nervosa (BN). Anorexic prob-
lems mainly involve low body weight, fear toward weight gain,
persistent restriction of food intake, and pursuit of regulating
weight and shape. BN is characterized by repetitive cycle of ex-
cessive uncontrolled binge eating followed by compensatory
behavior such as purging. AN and BN are frequently observed
among young women, the typical onset in adolescence to adult-
hood. In Europe and North America, the combined prevalence
of AN (9, 10) among young women is reported to be 0.1-0.5%
and that of BN (/1) is 1.5-3.8%. They have been a major focus

of attention for both the research community and sometimes
life-threatening group of problems, predominantly affecting
women.

The pathophysiology of EDs has been studied from various
aspects, and a range of factors including biological and psycho-
social factors are linked to the onset and persistence of symp-
toms. Some studies showed risk factors for EDs such as low
self-esteem, anxiety, harm avoidance, impulsive control and
obsessive—compulsive personality traits, and cognitive inflexibil-
ity (I2); however, the details of biological markers for the
pathophysiology of EDs are unknown. Identification of the bio-
logical markers of EDs is crucial for the development of new
treatments as well as to aid both in the diagnosis and manage-
ment. In addition, they could provide the basis for early inter-
vention and prevention efforts targeting at-risk individuals.

Recently, there has been a series of findings on the involve-
ment of BDNF in the pathophysiology of EDs (/). According
to genetic studies on BDNF and EDs (/3, 14), and a meta-anal-
ysis of the BDNF gene, a 30% higher incidence of EDs is seen
among individuals with the Val/Met and the Met/Met polymor-
phism of the BDNF gene (/3), indicating that the BDNF Val66-
Met (rs6265) polymorphism is linked to EDs. On the other
hand, an association of the BDNF gene with other mental disor-
ders, such as mood disorders and substance abuse disorders,
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have also been reported (14, 15). Thus, the special relevance of
the BDNF gene to EDs is currently unclear.

In Japanese subjects, we previously revealed the associations
of the BDNF Val66Met polymorphism with AN (restricting
type) and BN (purging type) (/6). In the previous studies, se-
rum BDNF levels in subjects with EDs are reduced significantly
when compared with healthy controls (HCs), and hence, we
proposed that levels of serum BDNF would be a useful diagnos-
tic indicator for EDs (/7-19). Here, we introduce a number of
studies on serum BDNF and EDs, describe the associations
between BDNF and the pathophysiological features of EDs, and
propose challenges and new perspectives for the future research.

BDNF AND EATING BEHAVIORS

BDNF is the most abundant neurotrophic factor in the brain
and is a member of the nerve growth factor family that includes
nerve growth factor, neurotrophin-3, and neurotrophin-4/5 (/-
3). BDNF also modulates networks of neurotransmitters, such
as dopaminergic (20, 21), serotoninergic (22), and glutamatergic
neurotransmission (23), and plays a role in neural plasticity and
binding mechanisms underlying long-term potentiation and
learning/memory (/).

BDNF binds to a specific tyrosine kinase receptor, TrkB.
BDNF is a 27-kDa polypeptide, which easily crosses through
the blood—brain barrier (24, 25). BDNF functions as a neurotro-
phic factor and plays a role in the modulation and integration of
signaling pathways in the nervous, immune, and endocrine sys-
tems (26). It also influences regulatory mechanisms of weight
(27), eating behavior (27), and metabolism.

The human BDNF gene is located on chromosome 11pl3
and comprises 11 exons. The gene encodes a precursor protein
proBDNF (6), which mediates secretion and cellular transporta-
tion of BDNF. Synthesis of preproBDNF and its conversion to
a single proBDNF peptide take place in the lumen of the endo-
plasmic reticulum, followed by transportation to the Golgi appa-
ratus. ProBDNF preferentially binds p75NTR receptors.
ProBDNF is cleaved by proteases at the synapses and is con-
verted to mature BDNF, and it participates in a range of impor-
tant physiological activities (6). Originally, proBDNF was con-
sidered biologically inactive; however, recent evidence shows
them to be important factors that can bind to neurotrophin
receptors and induce effects opposite to the mature BDNF (22,
28, 29).

ANIMAL STUDIES

Among BDNF transgenic mice, BDNF+/— knockout mice
exhibit hyperactivity, high anxiety, and weight gain under stress
(8, 30). BDNF+/— knockout mice also show aggressiveness
and excessive appetite in early adulthood (7). BDNF—/— homo-
zygote mutant mice die within a few weeks after birth (31, 32).
In animal studies, appetite increases when the expression of
TrkB in the hypothalamus is low, and BDNF regulates energy

balance through melanocortin-4 receptor in the hypothalamus
(33). Another study showed that dietary restriction (DR) may
alter the behaviors in BDNF+/— mice and that the 5-HT sys-
tem may be implicated in the beneficial effects of DR on these
behaviors (34). Such findings indicate that the BDNF gene
product is involved in the modulation of anxiety, eating behav-
ior, and weight control. ’

HUMAN SERUM AND PLASMA BDNF

BDNF is widely distributed in the CNS (33) and is espe-
cially abundant in the hippocampus, prefrontal cortex, ventral
tegmental area, and amygdala. High levels of BDNF and TrkB
are found in the hypothalamus, which is one of the major regu-
latory centers for eating behavior (30). BDNF in the CNS
crosses through the blood-brain barrier (24, 25). In the periph-
ery, it is synthesized mainly in vascular endothelial cells and
smooth muscle cells (35) and is stored in platelets (5). BDNF
also circulates in plasma due to granulation of coagulation fac-
tors. In humans, the levels of plasma BDNF decrease with age,
and in women, the levels of serum BDNF vary according to the
phase of menstrual cycles (27).

When compared with serum BDNF, plasma BDNF is sensi-
tive to environmental factors (35). Animal studies have shown a
correlation between serum BDNF levels in the cortex and those
in the hippocampus (24, 36). In rats, BDNF levels in serum and
brain are highly correlated across all age groups (37).

GENETIC STUDIES

The frequency of the BDNFI196G/A (Val66Met) polymor-
phism is higher among Japanese than Europeans and North
Americans (37). The number of patients with EDs carrying the
BDNF196G/A allele, especially of the AN restricting or BN
purging type, is significantly high when compared with that of
the HCs (I6). Correlations were also observed between the
energy intake and the body mass index (BMI) (38), AN restrict-
ing type, and minimum BMI value (38, 39). With regard to
cognitive dysfunction and when compared with BDNF Val/Val
allele carriers, individuals with the BDNF Vai/Met allele dem-
onstrate frontal lobe cognitive dysfunction (40), whereas those
with the BDNF Met66 allele show episodic memory dysfunction
(41, 42).

DECREASED LEVELS OF SERUM BDNEF IN
INDIVIDUALS WITH EDS

We hypothesized that serum BDNF levels would be a candi-
date biological markers in patients with EDs for both abnormal
eating behavior and cognitive impairment related to body shape
and weight. Accordingly, we compared serum BDNF levels of
female patients with AN and BN with those of HCs. BDNF lev-
els among patients with AN and BN were significantly reduced
when compared with those of HCs (P < 0.0001). Furthermore,
the BDNF levels were significantly lower in the patients with
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Table 1
Data from studies measuring serum BDNF levels in patients with AN and healthy controls

Number Number AN BDNF HC BDNF
Author Ethnicity of EDs of HCs AN age HCage ANBMI HCBMI (ng/mL) (+/~) (ng/mL) (+/-)
Nakazato et al. (17) Japanese 12 AN 21 19.6 (5.8) 204 (2) 14.2(0.7) 204 (2) 24.9 (6.75) 61.4 (19.5)
Monteleone et al. (43) TItalian 12 AN 27 20.5 (5.4) 223 (3.4) 156 (1.8) 22 (1.9) 26.65(1246)  45.8 (29.1)
Monteleone et al. (44) Italian 27 AN 24 20 (5.2) 224 (3.4) 159 (24) 21.8 (1.8) 28.87 (16.36) 50 (27.92)
Nakazato et al. (/8)  Japanese 13 AN 17 19.6 (5.8) 20.4 (2) 142 (0.7) 204 (1.5) 145 4.4 22.1 (8.9)
Saito et al. (45) Japanese 19 AN 24 253 (7.9) 24.5(5.7) 14.0 2.1) 204 (2.4) 20.0 (5.1) 26.0 (3.9)
Nakazato et al. (/9) British 29 AN 28 283 (11) 269 (5.8) 156 (1.6) 223 (2.5) 11.7 (4.9) 15.1 (5.5)
Ehrlich et al. (46) German 33 AN 33 189 (3.9 19(3.1) 149014 214 2.1) 6.16 (2.88) 741 (3.22)

Abbreviations: AN, anorexia nervosa; HC, healthy controls; BDNF, brain-derived neurotrophic factor.

AN than in the patients with BN. In all subjects, there was a
significant correlation between serum BDNF levels and BMI
7).

Following our study, other groups also reported reduced lev-
els of serum BDNF in patients with EDs (43-46). In the two
previous studies, serum BDNF levels (45) and BMI (46) were
positively correlated with AN. In all the subjects, including sub-
jects with AN and HC, the correlation between serum BDNF
level and BMI has been established (17, 18, 43, 44). Although
the present findings suggest correlations between BMI, one of
the severity indexes of AN, and serum BDNF, a meta-analysis
of circulating BDNF in AN (47) confirmed significant heteroge-
neity of effect size (Table 1).

Another group invested the correlation of the Eating Disor-
ders Inventory (EDI) scales with BDNF plasma levels and sug-
gested that BDNF levels of both of the AN and BN may influ-
ence the severity of EDs by modulating the associated psycho-
pathology, in particular through the impairment of interoceptive
awareness (48). Regarding hypothalamic-pituitary-adrenal
(HPA) axis reactivity and BDNF polymorphism, BDNF
Val(66)Met carriers are particularly sensitive in anticipating
stressful events in healthy adults (49).

BDNF IN RECOVERED AN

In the previous pilot study, we longitudinally compared se-
rum BDNF levels of patients with AN before and after partial
recovery of their BMI (I8). We did not observe a statistically
significant difference. However, in the cross-sectional study, se-
rum BDNF levels of AN group were significantly lower than
those of not only the HCs but also the recovered AN group
which had 1) a history of AN, 2) maintained BMI levels rang-
ing from 18.5 to 25 kg/m2 for at least 1 year, and 3) maintained
a regular menstrual cycle for at least 1 year (/9).

Ehrlich et al. (46) compared serum BDNF levels between 33
patients with AN, seven subjects in partial recovery after a longi-
tudinal follow-up (>10% weight gain), 20 patients with AN in
the recovery phase, and 33 HCs. The results showed that, when
compared with current AN, serum BDNF levels in the partial

recovery group were slightly higher; however, the difference
between the two groups was not statistically significant. Although
BDNF levels in the recovered AN group were increased when
compared with those in the current AN and HC groups, again the
differences did not attain statistical significance.

COMORBID MENTAL DISORDERS AND SERUM BDNF

EDs are often associated with mental disorders such as mood
disorders and anxiety disorders. A high prevalence of concur-
rent mood disorders has been observed among patients with
AN, and the involvement of genetic and environmental factors
has been reported (50). Reduced levels of BDNF were found in
the postmortem brains of individuals who suffered from depres-
sion (57). Studies using an animal model of depression have
reported reduced BDNF levels in the CNS and the recovery of
BDNF mRNA levels in the hippocampus after administration of
antidepressants (52, 53). In individuals with depression,
decreased levels of serum BDNF have been demonstrated (50).
A meta-analysis also revealed that reduced serum BDNF levels
are associated with depression, whereas antidepressant adminis-
tration reverses such reduction of serum BDNF levels (54, 55).
Recent study showed that classification based on the DNA
methylation profiles of CpG I of the BDNF gene may be a valu-
able diagnostic biomarker for major depression (56). Obses-
sive~compulsive disorders often comorbid with AN (57), and
serum BDNF levels in individuals with obsessive—compulsive
disorders are also reduced when compared with HCs (58).

In our previous study (/7), the Hamilton Depression Rating
Scale (HDRS) of the participants with EDs was significantly
lower than that of HCs. A significant positive correlation
between HDRS and the Bulimic Investigatory Test, Edinburgh
(BITE) symptom scale scores in all the patients was detected.
Some lines of evidence suggest that altered 5-HT activity in
patients with EDs could be a consequence of pathologic EDs.
Furthermore, in the pharmacological treatment of EDs, antide-
pressants, including Selective Serotonin Reuptake Inhibitors
(SSRI), have been shown to decrease symptoms of binge eating
and purging behaviors, in addition to depressive symptoms. The

— 258 -



BDNF AND THE PATHOPHYSIOLOGICAL FEATURES OF ED 359

5-HT systems in the brain have been strongly associated with
BDNF regulation of food intake, demonstrating that endogenous
BDNF is critical for the normal development and functioning of
central 5-HT neurons (7).

The differences were shown between AN and depression that
pharmacotherapy with antidepressants results in normalization
of BDNF levels in depressed patients and contributes to recov-
ery or alleviation of symptoms, and on the other hand, little or
no efficacy in AN treatment.

BDNF AND COGNITIVE FLEXIBILITY IN EDS

To study the relationship between BDNF and cognitive flexi-
bility, we performed the Wisconsin Card Sorting Test as a set-
shifting task. The results showed that patients with AN had a
higher number of both incorrect answers and perseverative
errors than HCs. However, there was no obvious correlation
between serum BDNF levels and set-shifting dysfunction (/7).

ASSOCIATION OF SERUM BDNF LEVEL AND
MALNUTRITION

A connection between anorexia—cachexia syndrome and
cytokines has also been suggested (59). Anorexia—cachexia syn-
drome associated with malignant tumor, chronic renal failure,
cardiovascular disease, and chronic rheumatoid arthritis is
marked by a reduction in muscle mass and fat tissue, and a se-
ries of changes in the metabolic, immune, and endocrine sys-
tems. Inflammatory cytokines in the circulation, such as tumor
necrosis factor and interleukin-6, are elevated, while growth
factors like BDNF are also affected by the syndrome. Peripheral
cytokines are known to modulate neurotransmitter and neuro-
peptide functions through the hypothalamus (59). In AN, calorie
deficit, severe malnutrition, reduced muscle mass and fat tissue,
and stress-related biological responses are believed to cause a
series of changes to peripheral cytokines. However, further
study is needed to elucidate the mechanisms of such changes.

CONCLUDING REMARKS

ED, especially AN, is a severe mental illness for which an
appropriate treatment has yet to be established. Various factors
have been proposed as the link between the pathophysiology of
EDs and the reduced level of serum BDNF.

A series of studies using BDNF knockout mice and the
human BDNF gene indicate an association of BDNF and EDs
with predisposition and vulnerability. Changes in brain BDNF
were observed in a mouse model of depression and in mice suf-
fering early maternal separation (60), in which stress and envi-
ronmental factors during early developmental stages were sug-
gested as causative factors. Epigenetic factors based on the
DNA methylation of the BDNF gene might be a valuable bio-
marker for EDs, as well as depression (61, 62).

A variety of factors including influence of concurrent mental
disorders and peripheral responses to starvation have also been

BNP BNNP BED

Figure 2. The hypothesis for etiology of eating disorders
affected by BDNF. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

considered. In addition, there is a question whether serum
BDNF is a state marker or trait marker (Fig. 2).

Further studies regarding BDNF and proBDNF are needed to
elucidate the pathophysiology of EDs and to develop candidate
biomarkers and their treatments. It is also important to perform
animal studies of EDs to investigate changes in eating behaviors
and anxiety disorders following BDNF administration. We would
look forward to an innovative research field with high potential for
developing treatments for EDs and discovering new drugs that
work through BDNF and other nerve growth factors.
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Genome-wide association and follow-up studies have reported
an association between schizophrenia and rs12807809 of the
NRGN gene on chromosome 11q24.2. We investigated the asso-
ciation of five linkage disequilibrium-tagging SNPs and haplo-
types that cover the NRGN gene with schizophrenia in a Japanese
sample of 2,019 schizophrenia patients and 2,574 controls to
determine whether rs12807809 is the most strongly associated
variant for schizophrenia in the vicinity of the NRGN gene. We
found that the rs12807809-rs12278912 haplotype of the NRGN
gene was associated with schizophrenia (global P=0.0042). The
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frequencies of the TG and TA haplotypes of rs12807809—
rs12278912 in patients were higher (OR=1.14, P=0.0019)
and lower (OR=0.85, P=0.0053), respectively, than in the
controls. We did not detect any evidence of association of
schizophrenia with any SNPs; however, two nominal associa-
tions of rs12278912 (OR=1.10, P=0.057) and rs2075713
(OR =1.10, P=0.057) were observed. Furthermore, we detected
an association between the rs12807809-rs12278912 haplotype
and NRGN expression in immortalized lymphoblasts derived
from 45 HapMap JPT subjects (z= 2.69, P= 0.007) and confirmed
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the association in immortalized lymphoblasts derived from 42
patients with schizophrenia and 44 healthy controls (z=3.09,
P=0.002). The expression of the high-risk TG haplotype
was significantly lower than the protective TA haplotype. The
expression was lower in patients with schizophrenia than in
controls; however, this difference was not statistically signifi-
cant. This study provides further evidence of the association of
the NRGN gene with schizophrenia, and our results suggest
that there is a link between the TG haplotype of rs12807809—
rs12278912, decreased expression of NRGN and risk of devel-
oping schizophrenia. © 2012 Wiley Periodicals, Inc.

Key words: schizophrenia; neurogranin (NRGN); single
nucleotide polymorphism (SNP); genome-wide association
study (GWAS); gene expression

INTRODUCTION

Schizophrenia is a common and complex psychiatric disease
with strong genetic components. Schizophrenia has an estimated
heritability of approximately 80% [Cardno and Gottesman, 2000;
Tsuang, 2000], and many genes have been implicated in the patho-
genesis of schizophrenia [Sun et al., 2008].

Genome-wide association studies (GWAS) of single nucleotide
polymorphisms (SNPs) investigate thousands of DNA samples
from patients and controls, and these studies are a powerful tool
for identifying common risk factors in complex diseases. Stefansson
et al. [2009] combined the samples (from 12,945 patients with
schizophrenia and 34,591 controls) from three large GWAS (the
SGENE-plus, the International Schizophrenia Consortium and the
Molecular Genetics of Schizophrenia GWAS) and conducted
follow-up studies in 4,999 patients and 15,555 controls from
four sets of samples from Europe, including from the Netherlands,
Denmark, Germany, Hungary, Norway, Russia, Sweden, Finland,
and Spain. The authors detected several significant association
signals. Seven markers gave P values smaller than the genome-wide
significance threshold of approximately 1.6 x 10”7 in the combined
samples: five markers, rs6913660, rs13219354, 16932590, rs13211507,
and rs3131296, which spanned the major histocompatibility
complex (MHC) region on chromosome 6p21.3-22.1; a marker,
rs12807809, located 3,457 bases upstream of the neurogranin
(NRGN) gene on chromosome 11q24.2; and a marker,
rs9960767, in intron 4 of the transcription factor 4 (TCF4) gene
on chromosome 18q21.2. Of the seven SNPs, four SNPs, rs6913660,
r$13219354, rs13211507, and rs9960767, were not polymorphic in
the HapMap Japanese in Tokyo (JPT) samples. The minor allele
frequencies (MAFs) for two SNPs, rs6932590 and rs3131296, were
less than 5%. Because only one marker, rs12807809, in the NRGN
gene wasa common SNP in the HapMap JPT samples (MAF greater
than 5%), we focused on this SNP and the NRGN gene in the present
study.

The NRGN geneis the human homolog of the neuron-specific rat
RC3/neurogranin gene. NRGN encodes a postsynaptic protein
kinase substrate that binds calmodulin (CaM) in the absence of
calcium and has been implicated in dendritic spine formation and
synaptic plasticity [Baudier et al., 1991]. NRGN plays an important

role in the Ca®*—CaM signaling pathway [Hayashi, 2009]. Ca*"
influx-induced oxidation of NRGN leads to the postsynaptic
activation of CaM-dependent protein kinase II (CaMKII) by
CaM, which is associated with strengthened N-methyl-p-aspartate
(NMDA) receptor signaling [Li et al., 1999]. Reduced NRGN
activity may mediate the effects of NMDA hypofunction implicated
in the pathophysiology of schizophrenia.

The NRGN gene spans 7.3 kb of genomic DNA and contains four
exons [Martinez de Arrieta et al., 1997]. Part of exon 1 and exon 2
encode a 78-amino-acid protein, and exons 3 and 4 contain
untranslated sequences. A thyroid hormone response element
(TRE) has been identified in intron 1 [Martinez de Arrieta et al.,
1999]. An association between the NRGN gene and schizophrenia
has previously been reported in a small population of male Portu-
guese and Brazilians [Ruano et al., 2008], although the associated
SNP in the study, rs7113041, was not tightly correlated with
the genome-wide supported SNP, rs12807809 (HapMap CEU
*=0.07, JPT r* = 0.01). In addition, two separate studies reported
no association between the genetic variants of NRGN and schiz-
ophrenia in Bulgarian [Betcheva et al., 2009] and Chinese pop-
ulations [Li et al., 2010]. The genome-wide supported SNP and
other SNPs in the NRGN gene were not genotyped in the GWAS of
schizophrenia in Japanese populations because of a difference in the
genotyping chips used among the separate GWAS, which the
IMlumina HumanHap 300 or 550 BeadChips, Affymetrix Genome-
Wide Human SNP Array 5.0 and Affymetrix GeneChip Mapping
100K microarrays [Stefansson et al., 2009; Ikeda et al.,, 2011;
Yamada et al., 2011] were used. Here, we first investigated the
association between the NRGN gene and schizophrenia in a Jap-
anese population using a gene-based approach to determine
whether rs12807809 is the most strongly associated variant for
schizophrenia near the NRGN gene. Second, we examined whether
the associated haplotype of NRGN influenced NRGN expression in
immortalized lymphoblasts derived from the HapMap JPT samples
and our Japanese case—control samples.

MATERIALS AND METHODS
Subjects

Subjects for the genetic association analysis included 2,019
unrelated patients with schizophrenia (54.5% males, with a
mean age & SD of 44.7 4 15.1 years) and 2,579 unrelated healthy
controls (49.4% males, 45.4 +19.4 years). The mean age did not
differ significantly between cases and controls (P = 0.24); however,
the male to female ratio of the patients was significantly higher than
in the controls (P < 0.05). Age and sex-matched subjects for NRGN
expression analysis consisted of 42 patients with schizophrenia
(58.1%, 38.4 4= 11.2 years) and 44 healthy subjects (56.8% males,
38.0£ 11.4 years). These subjects were included in the genetic
association analysis. All subjects used in both analyses were
biologically unrelated, of Japanese ethnicity and were recruited
from four geographical regions in Japan: Osaka, Aichi, Tokushima,
and Tokyo [Yamaguchi-Kabata et al., 2008; Ohi et al., 2009]. Cases
were recruited from outpatient and inpatient facilities at university
hospitals and psychiatric hospitals. Each subject with schizophrenia
had been diagnosed by at least two trained psychiatrists based on an
unstructured clinical interview; diagnoses were made based on the
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criteria of the fourth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-1V). Controls were recruited
through local advertisements. Psychiatrically healthy controls were
evaluated using unstructured interviews to exclude individuals
who had current or past contact with psychiatric services. Written
informed consent was obtained for all subjects after the procedures
had been fully explained. This study was carried out in accordance
with the World Medical Association’s Declaration of Helsinki
and approved by the Research Ethical Committee of Osaka Uni-
versity, Fujita Health University, Nagoya University, Tokushima
University and Juntendo University.

SNP Selection and SNP Genotyping

This study was designed to examine the association between the
NRGN gene and schizophrenia by selectively tagging SNPs in the
NRGN gene and flanking regions (45 kb). We selected five tagging
SNPs using the TAGGER algorithm (Paul de Bakker, http://www.
broad.mit.edu/mpg/tagger) with the criteria of r* greater than 0.80
in “pair-wise tagging only” mode and an MAF greater than 5%,
which was implemented in Haploview 4.2 using HapMap data
release 27 Phase IT 4 III, Feb 2009, on NCBI B36 assembly, dbSNP
b126 [Japanese in Tokyo (JPT), Chr 11: 124,109,952.124,127,307].
The five tagging SNPs were rs1939214, rs12807809, rs12278912,
rs2075713, and rs11219769. Markers are shown in Table I; ori-
entation and alleles are reported on the genomic plus strand
(rs12807809 is reported as T/C, as has been reported in previous
GWAS [Stefansson et al., 2009]). Venous blood was collected from
the subjects and genomic DNA was extracted from whole blood
according to standard procedures. The SNPs were genotyped using
the TagMan 5'-exonuclease allelic discrimination assay (Applied
Biosystems, Foster City, CA) as previously described [Hashimoto
et al., 2006, 2007]. Detailed information on the PCR conditions
is available upon request. Genotyping call rates were 98.9%
(rs1939214), 98.5% (rs12807809), 99.3% (rs12278912), 99.3%
(rs2075713), and 99.5% (rs11219769). No deviation from Hardy-
Weinberg equilibrium (HWE) in the examined SNPs was detected
in the patients with schizophrenia or healthy controls (P> 0.05).
The positions of the five SNPs analyzed in the present study are
shown in Figure 1.

fQuantitative Meacurement of NRGK Gene
Expression

Isolation and immortalization procedures of lymphocytes from
blood using the Epstein—Barr virus (EBV) were performed by SRL
of Tokyo, Japan. Immortalized, patient-derived lymphocytes were
grown in culture media supplemented with 20% fetal bovine

healthy
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First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Detailed informa-
tion on the PCR conditions is available upon request.

To measure mRNA expression levels of housekeeping ([-actin)
and NRGN genes, we used the Pre-Developed TagMan Assay
Reagent kit (Applied Biosystems). Primer information (gene
name: assay ID, transcript ID, target region) is as follows;
NRGN: Hs00382922_m1, NM_001126181.1 and NM_006176.2,
Exonl-2; B-actin: 4326315E, NM_001101, no region indicated
(Applied Biosystems). Expression levels of these genes were meas-
ured by quantitative real-time reverse transcriptase polymerase
chain reaction (qRT-PCR) using an ABI Prism 7900 Sequence
Detection System (Applied Biosystems) with a 384-well format as
previously described [Yamamori et al., 2011; Yasuda et al., 2011].
PCR data were obtained using Sequence Detector software (SDS
version 2.1; Applied Biosystems) and quantified using a standard
curve. This software plotted the real-time fluorescence intensity and
selected the threshold within the linear phase of the amplicon
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profile. The software plotted a standard curve of the cycle at
threshold C,, which is where the fluorescence generated within a
reaction crossed the threshold, versus the quantity of RNA. All
samples were measured using a single plate per target gene, and their
C;values werein thelinear range of the standard curve. The quantity
of each sample was predicted by C, values. The gRT-PCR reaction
was performed in triplicate, and the expression level of the gene was
taken as the average of three independent measurements. Standard
curves were obtained using serial dilutions (1:4) of pooled com-
plementary DNA prepared from 300 ng total RNA derived from
immortalized lymphocytes. The standard curves of B-actin and
NRGN showed that these genes were expressed in immortalized
lymphocytes. In each experiment for B-actin and NRGN, the R?
value of the standard curve was >0.99, and no-template control
assays resulted in no detectable signal. The individual expression
levels of the NRGN gene were normalized to the housekeeping gene
(raw target gene expression level divided by raw housekeeping gene
expression level) and were used for statistical analysis.
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Haplotype Associated With NRGN Expression
(eQTL]

To identify whether the haplotypes in NRGN associated with
schizophrenia may be expression quantitative trait loci (eQTL),
we analyzed NRGN expression in two datasets of lymphoblast-
derived HapMap JPT samples and in the Japanese case—control
samples. For the HapMap JPT samples, we extracted genotypes and
NRGN lymphoblastoid expression data from the HapMap JPT
samples (n =45) deposited in GeneVar (http://www.sanger.ac.uk/
humgen/genevar/ [Stranger et al., 2007]). For the Japanese case—
control samples, we used our genotypes and NRGNlymphoblastoid
expression data obtained using the method described above.

Statistical Analyses

We performed power calculations using the Power Calculator for
Two-Stage Association Studies (http://www.sph.umich.edu/csg/
abecasis/CaT$S/ [Skol et al., 2006}). The power estimate was based
on an allele frequency of 0.83 at rs12807809, an odds ratio of 1.19,
which wasindicated by Stefansson et al. [2009], a prevalence 0f0.01,
and an alpha level of 0.05 using a multiplicative model.

Differences in clinical characteristics between patients and
controls or between genotypes were analyzed using ¥ tests for
sex and the Mann—Whitney U-test for age using PASW Statistics
18.0 software (SPSS Japan, Inc., Tokyo, Japan). Deviation from
HWE was tested separately in test cases and controls using %>
tests for goodness of fit using SNPAlyze V5.1.1 Pro software
(DYNACOM, Yokohama, Japan). The allelic and genotypic dis-
tributions of NRGN polymorphisms between patients and controls
were analyzed using ¥ tests with SNPAlyze V5.1.1 Pro software.
The number of effective independent SNPs assayed was estimated
to correct for multiple testing by the spectral decomposition
method of Nyholt using the SNPSpD software [Nyholt, 2004].
The effective number of independent marker loci was 4.13 and
corrected P-value for allelic and genotypic associations was set at
P < 0.012. Pairwise linkage disequilibrium (LD) analyses expressed
by D’ and r* were applied to detect the intermarker relationships in
each group using Haploview 4.2 software (http://www.broad.mit.
edu/mpg/haploview/contact.php). Haplotype frequencies were
estimated using the method of maximum likelihood with genotyp-
ing data using the expectation—maximization (EM) algorithm from
SNPAlyze V5.1.1 Pro software. Rare haplotypes detected in less than
3% of patients and controls were excluded from the haplotypic
association analysis, as previously described [Ohi et al., 2009, 2010].
We performed 10,000 permutations for significance tests to
determine empirical significance using a 2 x 2 contingency table
approach. We used a 2- to 5-window fashion analysis. Since Bonferroni
correction for multiple testing is considered to be too conservative
to apply to genetic association analyses [Nyholt, 2001], method of
Nyholt [Nyholt, 2004] for allelic and genotypic associations and
permutation tests [Dudbridge, 2003] for haplotypic associations
are considered to be appropriate for these analyses.

The difference in expression levels between Japanese patients
with schizophrenia and controls was analyzed using linear regres-
sion in PASW Statistics 18.0 software. Age and sex, which may
influence gene expression, were corrected for in the expression
analysis. HPlus (http://qge.fhcrc.org/hplus) is a software applica-

tion for estimating haplotype frequencies and inferring individual
haplotypes based on EM and progressive ligation (PL) algorithms
[Li et al., 2003], and most significantly assessing haplotypic asso-
ciations with various types of phenotypes using linear regression.
Differences of expression levels among haplotypes were analyzed
using linear regression in HPlus software. Each genotype was
treated as the number of major alleles (0, 1, and 2) in the expression
analysis. For the joint haplotype analysis in HPlus software, each
haplotype was tested against the reference haplotype (equal to most
frequent haplotype) using linear regression. As age and sex were not
available for the HapMap samples, these confounding factors were
not corrected for in the expression analysis. Expression levels in
Japanese cases, control samples and in the combined samples were
corrected for age and sex in the analyses. We applied a Bonferroni
correction in expression analysis (three tests). The significance level
for statistical tests was set at two-tailed P < 0.05.

RESULTS
Genetic Association Analysis

Our study size 0f 2,019 cases and 2,579 controls had sufficient power
(>80%) to detect a genetic effect at ORs of 1.19 or greater for
rs12807809 when the allele frequency was 0.83, as described in
previous GWAS (SGENE-plus) [Stefansson et al., 2009].

The genotype and allele frequencies of five tagging SNPs located
in the NRGN gene and flanking regions are summarized in Table I.
There was no allelic or genotypic association with schizophrenia for
any of the five SNPs (uncorrected P> 0.05). However, nominal
differences in allele frequencies between patients and controls were
observed in rs12278912 (xz =3.6, P=10.057, corrected P=0.24)
and 152075713 (3% = 3.6, P= 0.057, corrected P = 0.24). The major
allele frequencies of both SNPs were higher in patients than in
controls. Consistent with previous GWAS [Stefansson et al., 2009],
the frequency of the major T allele of rs12807809 was higher in
patients (75.4%) than in controls (74.4%) in our Japanese pop-
ulation, although the results did not reach statistical significance
[x*=1.3, P=0.25, OR (95% confidence interval (CI))=1.06
(0.96-1.16)].

We focused on haplotypic association between patients with
schizophrenia and healthy subjects using a 2- to 5-window fashion
analysis. Haplotype analysis showed a significant association
with schizophrenia (rs12807809-1s12278912, %°=13.1, global
P=0.0042) (Supplementary Table I). The frequency of the major
TG haplotype of rs12807809-rs12278912 was higher in patients
(62%) than in controls (58%) [x°=9.4, P=0.0019, OR (95%
CI)=1.14 (1.05—1.24)] (Table II). On the other hand, the fre-
quency of the TA haplotype of 1s12807809-1512278912 was lower in
patients (14%) than in controls (16%) [X2 =7.3, P=0.0053, OR
(95% CI) =0.85 (0.76—0.96)] (Table II). There was no haplotypic
association with schizophrenia for any other haplotypes. These
findings suggest that the major TG haplotype of rs12807809—
rs12278912 may be related to an increased risk of schizophrenia,
and the TA haplotype may have a protective role against the
susceptibility to schizophrenia. These results of allelic, genotypic,
or haplotypic associations were not affected by excluding 86
samples used for expression analyses (data not shown).
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ifferences in the rs12807809 s12228912-Haplotgp" Between Patients With Schizophrenia and Healthy Subject

Haplotyp
151280780

The LD relationships between the markers are provided in
Figure 1. The LD pattern observed in our controls was similar to
our patients and the JPT HapMap samples; however, it was different
from that of the CEU HapMap samples. The strengths of the LD
patterns of rs1939214-rs12807809 and 1s512278912-1s2075713~
rs11219769 were different between Japanese populations and the
CEU HapMap samples. The low LD pattern of rs12807809—
rs12278912 was similar among the groups (D’ < 0.50, r* < 0.10).

NRGN Gene Expression Analysis

The NRGN expression level was lower in patients with
schizophrenia (n=42, mean + SD, 0.86 £ 0.58) than in controls
(n =44, 1.00 £ 0.75). However, the results did not reach statistical
significance (r=—0.14, beta=-0.11, SE=0.14, t=-0.97,
P=0.34).

Based on the results from the genetic association analysis, we
investigated whether the rs12807809-rs12278912 haplotype of
the NRGN gene was an eQTL in two datasets. The rs12807809~
rs12278912 haplotype related to schizophrenia was significantly
associated with NRGN expression in healthy HapMap JPT samples.
The NRGN gene expression of the high-risk TG haplotype of
rs12807809-1s12278912 was significantly lower than that of the
protective TA haplotype (z=2.69, P=0.007). We confirmed that
the rs12807809-1s12278912 haplotype was significantly associated
with NRGN expression normalized to the B-actin expression in
the controls and combined samples (Fig. 2 and Table III, control
samples: z=2.30, P=0.021, combined samples: z=3.09,
P=0.002). The association occurred in the same direction among
the HapMap JPT, control, and combined samples. In case samples,
the expression level of rs12807809-rs12278912 was lower in
samples with the high-risk TG haplotype than in those with the
protective TA haplotype, although the result did not reach statistical
significance (z=1.49, P=0.14). The association in the HapMap
JPT and combined samples remained significant after correction
for multiple tests (HapMap JPT samples: corrected P=0.021,
combined samples: corrected P=0.006). However, there was no
significant association after applying the correction in control
samples (corrected P=0.063).

DISCUSSION

In this study, we provided evidence that haplotypes, including the
genome-wide-screen-supported SNP of the NRGN gene, were
associated with an increased risk of schizophrenia. Our in silico
analysis showed that the high-risk rs12807809-rs12278912 hap-
lotype of the NRGN gene may be associated with a low expression
level of the NRGN gene in lymphoblasts derived from the HapMap
JPT samples. We confirmed the association between the haplotype
and NRGN expression in the combined case—control samples. Our
results suggest that the schizophrenia-associated haplotype at the

OCase (p=42)
@ Control (n=44)
[ (W Total  (n=86)

ch haplotype w
rol, 61%; Total, 6

S LI ase'sg%. :
L6 haplotype: Case, 16%; Control, 20%;
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, ™P<0.01.
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NRGN gene may be a functional variant, and the results support an
association between the NRGN gene and schizophrenia.

This report is the first investigation of the association of tagging
SNPs and haplotypes covering the NRGN gene with schizophrenia.
To our knowledge, five genetic studies have investigated whether
the NRGN gene is implicated in schizophrenia. A genome-wide
linkage study has shown that the chromosomal region 11q23.3-24
including the NRGN gene is linked to schizophrenia in British and
Icelandic populations [Gurling et al., 2001]. Subsequently, an
association study determined that rs7113041, which displays
high LD with rs12278912 and is located on intron 1 in the
NRGN gene, is related to the risk of developing schizophrenia in
male subjects of Portuguese origin [Ruano etal.,2008]. In addition,
three GWAS and follow-up studies have shown that rs12807809
is associated with schizophrenia in large European samples
[Stefansson et al., 2009]. However, two studies reported no asso-
ciation between NRGN and schizophrenia in Bulgarian or Chinese
populations [Betcheva et al., 2009; Li et al.,, 2010]. In the present
study, we determined that the rs12807809—1s12278912 haplotype is
associated with an increased risk of schizophrenia in a Japanese
population. However, there were no significant associations
between any SNP, including rs12807809 and rs12278912, and
schizophrenia in the population. The inconsistency of association
among the previous studies and the present study might result from
ethnic differences or type I or IT errors for the different sample sizes:
Portuguese, 315 cases, 295 controls and 73 trios [Ruano etal., 2008];
European Caucasian, 12,945 cases and 34,591 controls [Stefansson
et al., 2009]; Japanese, 2,019 cases and 2,579 controls (present
study); Bulgarian, 185 cases and 184 controls [Betcheva et al., 2009];
and Chinese, 2,496 cases and 5,184 controls [Li et al., 2010]. In
addition, the SNPs investigated in each study were different. Ruano
et al. [2008] and Betcheva et al. [2009] examined rs7113041, which
has high LD with rs12278912 but not with rs12807809, whereas
Stefansson et al. [2009] and Li et al. [2010] examined rs12807809

[IA
Total subjects (n=8t
G o
G
TA
CA :
Jomt Assomatmn Analgs:s [the reference hap!otgpe is the most frequent haplotgpe) -

For the joint haplotgpe test, severa! hap!otgpes were tested agalnst the reference haplotgpe
Slgnlf:cant Pvalues are. shown as bold- faced and underlined tgpe' :

but not rs12278912. However, none of these studies examined
haplotypes for the NRGN gene. Because the rs12807809—
1512278912 haplotype may be the most significant genetic variant
in this region, further study is required to confirm the association
between the rs12807809-rs12278912 haplotype and schizophrenia
in other populations.

Differences in the relative NRGN expression levels between
patients with schizophrenia and healthy subjects were not dem-
onstrated. This result may be due to the small sample sizes in this
study, which may have resulted in the failure to identify a modest
difference in NRGN expression in this complex disease. We deter-
mined that the major TG haplotypic and the TA haplotypic
frequencies of rs12807809—1s12278912 were higher and lower,
respectively, in patients with schizophrenia than in healthy con-
trols. In addition to these findings, we found that NRGN gene
expression of the high-risk TG haplotype was significantly lower
than that of the protective TA haplotype in lymphoblasts derived
from our Japanese case—control subjects as well as the JPT HapMap
sample. The low LD patterns of rs12807809-rs12278912 were
similar across populations. This region may be vulnerable to
recombination. Combinations of the TG and TA of rs12807809—
rs12278912 could play an important role in the pathogenesis of
schizophrenia. In this study, gene expression data derived from
lymphoblasts raised the possibility that the rs12807809—rs12278912
haplotype may be a functional variant of NRGN. Further biological
studies of the function of rs12807809—1s12278912 are required to
verify the expression results. '

Smith et al. [2011] analyzed NRGN expression in several brain
tissues derived from a dataset of atleast 130 individuals of European
ancestry. However, they showed that neither the genome-wide
supported SNP nor any individually correlated SNPs were asso-
ciated with NRGN expression. They did not examine any associ-
ation between haplotype and NRGN expression. There are several
challenges in investigating expression findings in the postmortem

 (-028-015)
~ (019-087)
 (-03%-017)
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brain: (1) the choice of an appropriate brain region for investiga-
tion; (2) the heterogeneity of cell types within brain tissue; (3) the
reliance on relatively small samples; and (4) the impact of cause of
death and/or postdeath handling of the tissues on gene expression
[Marcotte et al., 2003]. Thus, the use of postmortem brain tissue is
compounded by a range of confounding factors (age, race, gender,
different microarray platforms, and analysis methods) and may be
the cause of the relative lack of gene/transcript-level consistency
among expression studies. To overcome some of these problems,
several groups have considered the use of lymphoblasts rather than
the postmortem brain [Matigian et al., 2008; Slonimsky et al., 2010;
Yamamori etal., 2011; Yasuda et al., 2011]. Lymphoblasts are useful
for schizophrenia researchers because blood-based tissue
(lymphoblasts) can be obtained with ease from living subjects,
which allows larger case—control studies with optimal matching of
key variables (age, sex, and race). In addition, immortalized lym-
phoblasts in culture are considered an effective tool for studying
cells in the absence of the effect of antipsychotic treatments and
duration of illness, both of which could mask the genetic differences
in RNA expression. Thus, lymphoblasts could be good tool to
investigate the impact of a gene in the absence of the impact of any
confounding factors. On the other hand, there were some demerits
of using lymphoblasts. In immortalized lymphocytes, it might
be difficult to observe the effects of genes on their neuron-specific
functions, for example, the effects of genes on glutamate and
dopamine release and on the formation of synaptic vesicles.
When isolation and immortalization procedures of lymphocytes
from blood were performed or immortalized lymphocytes were
grown in culture media, a genetic mutation might be inserted
into genomic DNA in the cultured lymphoblasts and alter DNA
sequences. It remains still controversial whether immortalized
lymphocytes are an appropriate alternative to neuronal tissue,
because there was a little evidence of analysis using immortalized
lymphocytes from patients with schizophrenia. In this study, the
difference in the association of gene expression with genetic variants
between previous study and present study could be explained by the
difference in the gene expression profile between immortalized
lymphoblast and postmortem brain tissue. Other possible factors
contributing to differences in association between studies could be
a difference in the SNPs and haplotypes investigated or ethnic
differences between Japanese and Caucasian populations.

Smith et al. [2011] performed mutation searches of all four
exons of NRGN gene in 14 Caucasian subjects with schizophrenia
and of the cording exons of NRGN gene in 1,113 Bulgarians
individuals, 699 of whom had schizophrenia. However, they did
not find any novel common polymorphism in the region. Thus, we
did not perform a systematic mutation search in this study because
there has been no novel common genetic variant in the region. If we
perform sequencing and find a novel rare polymorphism, we
cannot analyze association between the rare polymorphism and
gene expression for only a small number of individuals with rare
variant. A genetic variant, particularly a SNP not listed in the
HapMap database, that is likely to be more strongly associated
with schizophrenia may exist in the rs12807809-rs12278912
haplotype region. Sequencing the entire gene in individuals
with risk haplotype in comparison with the protective
haplotype carriers with larger sample sizes could provide further

information underlying the genomic mechanism for this risk
haplotype.

There are several limitations to interpreting our results. Because
a number of statistical analyses supported the association of the
NRGN gene and schizophrenia, such as genotypic and allelic
associations for five SNPs (total 5 x 2), haplotype analysis using
a window fashion analysis (total 10) and expression analysis for
three individual haplotypes (total 3 x 4), a correction for multiple
testing should be considered. In this study, the overall number of
genetic association tests was 32; however, not all tests were inde-
pendent, and several hypotheses were included. Thus, Bonferroni
correction, a method to correct for multiple independent tests for
one hypothesis, might not be appropriate. The consensus how to
correct such multiple testing has not been reached in this research
field. Thus, we applied SNPSpD correction for genotypic and allelic
association analysis, permutation method for haplotype analysis
and Bonferroni correction for expression analysis (three tests).
However, even though we applied these methods of correcting such
multiple testing, they might cause false positive results. We did
not control for geographical variation of control origin because
there is little possibility for ethnic/genetic difference among four
geographical regions for feature of homogeneous race in Japan
[Yamaguchi-Kabata et al., 2008]. Our significant results may be
derived from sample bias owing to population stratification and
non-sex-matched samples. In the present study, our results support
an association between the NRGN gene and schizophrenia. We
suggest that the functional haplotype of the NRGN gene, which is
associated with NRGN expression, could be related to the patho-
genesis of schizophrenia.
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