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Table 4
Haplotype frequencies of LIF gene of control subjects and patients with hebephrenic
schizophrenia.
Haplotype. -
15929271-15737812
T=C : ’
GG
A o 01244 .
Haplotype analysis was performed by the permutation method. The global permutation
Pwas 0.013,

were also found in healthy first-degree relatives of schizophrenic
patients (Rybakowski and Borkowska, 2002). Suhr and Spitznagel
(2001) reported that high negative symptoms were associated with
poor performance on the WCST, Taking these findings together with
ours, it can be speculated that T-carrier genotypes of rs929271 of the
LIF gene may alter the pro-inflammatory cytokine response to in-
fections during fetal or early life, which may result in neurocognitive
maldevelopment of working memory in later life, which are phys-
iological bases for thought disturbance. Finally, a LIF variant may
produce susceptibility to hebephrenic schizophrenia, a prominent
feature of which is thought disturbance.

Some points should be considered in the present study. We found a
statistically significant association of the LIF gene with schizophrenia,
but the association was marginal, and we did not apply a multiple test
correction. The possibility of a type I error should be considered. As we
examined only three SNPs of the LIF gene, although they cover almost
the entire LIF gene, the present study does not exclude the possibility of
associations between other variations in the LIF gene and schizophrenia.
Further replication studies by examining of additional SNPs in large
sample populations are necessary to confirm our findings.

We examined healthy subjects to examine the role of the LIF gene
in neurocognition, but not in patients with schizophrenia. In spite of
recommendations as to the optimal prescription of antipsychotics,
antipsychotic polypharmacy and excessive dosing are still highly
prevalent worldwide, especially in Japan (Faries et al., 2005; Procy-
shyn et al, 2001; Sim et al, 2004a,b). It was suggested that the
cognitive deficits of patients with schizophrenia may result from non-
standard use, polypharmacy, and overdose of antipsychotics (Hori
et al,, 2006). On the other hand, some studies reported that the WCST
score of schizophrenic patients was improved after administration
with atypical antipsychotics (Rybakowski et al., 2007; Gallhofer et al.,
2007). We did not examine the association between the LIF gene and
cognitive decline in patients because almost all of the patients in the
present study were taking antipsychotic medications, and their effects
on heurocognitive testing cannot be denied. Further studies including
unmedicated patients and a more precise, advanced statistical
approach are necessary to understand the effects of the LIF gene on
susceptibility to schizophrenia and cognitive function. In addition,
examination of association between LIF and other endophenotypes,

Table 5
Results of WCST with genotype of 1s929271.

- Tearrier . Non-Tcarrier
VerballQ: . 1095%123
¢ Performarice IQ. o 11092113

 Verbal memory
- Visual. memory

The scores of T-allele carriers (T/T or T/G) of 15929271 and non-carriers (G/G) were
compared. WCST-CA, WCST: category achieved; WCST-TE, WCST: total errors.
P values were examined by MANOVA to adjust for age, sex and education years.

including prepulse inhibition may be necessary for further under-
standing the physiological roles of the LIF gene,

In conclusion, the present study indicated that the LIF gene variant
may produce susceptibility to hebephrenic schizophrenia and dete-
rioration of working memory function.
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Intrauterine growth retardation (IUGR) is putatively involved in the pathophysiology of schizophrenia.
The animal model of IUGR induced by synthetic thromboxane A2 (TXA2) is useful to clarify the effect of
IUGR on pups’ brains, however, analysis at the cellular level is still needed. Brain-derived neurotrophic
factor {BDNF), which plays a role in neuronal survival and synaptic plasticity in the central nervous
system (CNS), may also be associated with schizophrenia. However, the possible relationship between

gg\:‘;__ ords: IUGR and BDNF function remains unclear, Here, we examined how IUGR by TXA2 impacts BDNF function
TrkB by using dissociated cortical neurons. We found that, although BDNF levels in cultured neurons from
cell death the cerebral cortex of low birth weight pups with IUGR were unchanged, TrkB (BDNF receptor) was

decreased compared with control-rats. BDNF-stimulated MAPK/ERK1/2 and PI3K/Akt pathways, which
are downstream intracellular signaling pathways of TrkB, were repressed in IUGR-rat cultures. Expression
of glutamate receptors such as GluA1 and GluN2A was also suppressed in IUGR-rat cultures, Furthermore,
in I[UGR-rat cultures, anti-apoptotic protein Bcl2 was decreased and BDNF failed to prevent neurons from
cell death caused by serum-deprivation. Taken together, IUGR resulted in reductions in cell viability
and in synaptic function following TrkB down-regulation, which may play a role in schizophrenia-like

Intrauterine growth retardation

behaviors.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Schizophrenia is a chronic, severe and disabling brain disease, of
which neuropathological basis has remained elusive [18]. Growing
evidence has suggested neurodevelopmental impairments in the
pathogenesis of schizophrenia [13]. Importantly, obstetric compli-
cations play a role in such impairments [8,24,35]. Among various
obstetric complications, low birth weight is a strong risk factor for
schizophrenia [25).

Intrauterine growth retardation (IUGR) induced by synthetic
thromboxane A2 (TXA2) was associated with a delay in postnatal
neurological development and learning disabilities in rats in which
the neuronal density in the cortical plate was lower than that of
control rats {31], Interestingly, mRNA expression of neurotrophins
such as BDNF and NT-3 (neurotrophin-3) was suppressed in the
cerebral cortex of TXA2-induced IUGR-rats [14].

* Corresponding author at: Department of Mental Disorder Research, National
Institute of Neuroscience, National Center of Neurology and Psychiatry, 4-1-1
Ogawa-Higashi, Kodaira, Tokyo 187-8502, Japan. Tel.: +81 42 341 2711x5132;
fax: +81 42 346 1744,

E-mail address: numakawa@ncnp.go.jp (T. Numakawa).

0304-3940/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2010.03.082

BDNF has critical roles in neuronal survival and synaptic
plasticity [7,32] through activation of TrkB, and consequent stim-
ulation of downstream signaling including mitogen-activated
protein/extracellular signal-regulated kinase (MAPK/ERK), phos-
phoinositide 3-kinase/Akt (PI3K/Akt) and phospholipase Cy (PLCy)
pathways. Recently, we reported important regulatory roles of
BDNF in synaptic functions via these pathways [23,26,27}, Remark-
ably, altered serum levels of BDNF and its expression in the
postmortem brain of schizophrenia patients have been reported
[10,21,33]. Furthermore, forebrain-specific TrkB knockout mice
showed schizophrenia-like behaviors, including hyperlocomotion,
stereotyped behaviors and cognitive impairments [36].

Though both IUGR and dysfunction of BDNF-TrkB signaling
may contribute to the pathogenesis of schizophrenia, the possi-
ble change in the BDNF-TrkB signaling in Central Nervous System
(CNS) neurons of IUGR has not yet been clarified. Here, we found
that cortical neurons from IUGR-rats exhibited lower levels of TrkB,
Bcl2, and glutamate receptors. Interestingly, neurons from IUGR-
rats showed a decreased response to BDNF when survival was
examined.

Female Long-Evans rats (Institute for Animal Reproduction,
Ibaraki, Japan) were purchased at 8 days of pregnancy and kept
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Fig. 1. Reduction inlevels of TrkB, Bcl2, and cell viability in cortical cultures prepared from the cerebral cortex of low weight newborn rats with TXA2-induced IUGR. The levels
of BDNF (A), TrkB (B), and p75 (C) were examined in 5DIV cortical cultures from IUGR-rats or from control-rats. TrkB was reduced in IUGR-rat neurons. Quantification was
carried out after immunoblotting. Normalization to a level in control was performed. Data represent mean =+ SD (n=6), ***P<0.001. JUGR: intrauterine growth retardation.
(D) TrkB down-regulation was observed in homogenates from the cerebral cortex of IUGR-rats, ***P<0.001 (n=4). (E) Reduction in Bcl2 expression in cultures from IUGR-rats.
Data represent mean+ SD (n=7), ***P<0.001. The three independent series of cultures were used for each set of immunoblotting experiments. TUJ1 levels are shown as
controls in each representative blot. (F) Decrease in cell viability of cortical neurons from IUGR-rats. To induce neuronal cell death, serum-deprivation was performed. Cell
survival was determined by MTT assay. Data represent mean= SD (n=8, n indicates the number of wells of a plate for each experimental condition), *P<0.05. To confirm

reproducibility, the three independent series of cultures were used.

in individual cages under a standard laboratory environment
(12L:12D, light on at 15:30; 21-24°C temperature; free access to
food and water). [IUGR was induced by TXA2 analog (9,11-dideoxy-
9 a, 11a-methanoepoxy-prosta-5Z, 13E-dien-1-oic acid; Cayman
Chemical, MI, USA) application on mother rats according to pre-
vious studies [20]. Briefly, an osmotic pump (2ML1, Alzet Corp.,,
Palo Alto, CA, USA) containing 2 ml of TXA2 solution (12.5 j.g/ml)
or PBS for control rats was implanted into the lower portion of
the peritoneal cavity under sodium pentobarbital (31.5 mg/kg b.w.)
anesthesia on 13 days of pregnancy. Rats were allowed to deliver
spontaneously, and pups were fed by their own mothers. Brains of
pups were removed at postnatal day 1 (P1) and used for dissociated
cultures. To check levels of TrkB in homogenates from the cere-
bral cortex, the brains were removed from the deeply anesthetized
P1 IUGR-~ or control-rats. All the experiments were approved by
the Ethics Review Committee for Animal Experimentation of the
National Institute of Neuroscience, Japan.

Cultures were prepared as previously reported [28). Dissociated
cortical neurons were plated on polyethyleneimine-coated culture
dishes or 48-well plates (Corning, NY, USA). The cell density was
5 % 10°Jcm?, respectively. Neuronal cultures from cerebral cortex
of pups of control or of IUGR were maintained with 1:1 mixture

of Dulbecco’s modified Eagle’s medium and Ham'’s F-12 medium
containing 5% fetal bovine serum and 5% heated-inactivated horse
serum for 5 days before the survival assay or collecting samples
for immunoblotting. To induce cell death, the culture media was
replaced with a serum-free fresh media for 24 h. Then, to deter-
mine the cell viability, a mitochondrial-dependent conversion of
the tetrazolium salt (MTT) assay was performed [30]. When glial
cell contribution was checked, arabinosylcytosine (1.0 LM, SIGMA,
MO, USA) was applied at 24 h after cell plating. BDNF (100 ng/ml)
was applied 20 min before serum-deprivation. LY294002 (1.0 pM,
Calbiochem-Novabiochem, CA, USA) was added 20min before
BDNF application.

MAP2 immunostaining was conducted [27]. Cells were fixed
in 4% paraformaldehyde at room temperature for 20 min, After
blocking with PBS containing 10% goat serum and 0.2% Triton
X-100 for 30 min, anti-MAP2 (1:1000, SIGMA) antibody was incu-
bated overnight at 4 °C. Alexa Fluor 594-conjugated anti-mouse IgG
(1:200, Invitrogen, CA, USA) was used as a secondary antibody.

Cells were lysed in SDS lysis buffer (1% SDS, 20 mM Tris-HCl
{pH 7.4), 5mM EDTA (pH 8.0), 10 mM NaF, 2 mM Na3V04, 0.5 mM
phenylarsine oxide, and 1 mM phenylmethylsulfonyl fluoride). The
protein concentration was quantified using a BCA Protein Assay Kit
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Fig.2. Decrease in BDNF-stimulated ERK1/2 and in levels of glutamate receptors in IUGR-rat cultures. (A) and (B) Levels of activated ERK1/2 (pERK1/2) in JUGR- or control-rat
cultures were examined at 5DIV. Cultured neurons with IUGR- or control-rats were stimulated by BDNF (100 ng/ml) for 0 min, 5 min, or 30 min. pERK1/2 stimulated by BDNF
(5min) was suppressed in IUGR-rat cultures, To quantify the pERK1/2 (BDNF 5 min), normalization to a level in control was performed. Data represent mean+SD (n=5),
*++p<0,001. Total ERK1/2 was unchanged. TUJ1 is shown as a control. (C) Presynaptic proteins including SNAP25, syntaxin, and synapsin | were unchanged in JUGR-rat
cultures. Data represent mean % SD (SNAP2S, n=6, syntaxin, n=6, synapsinl, n=6). (D) Postsynaptic glutamate receptor (GluA1 and GluN2A) levels in IUGR-rat neurons were
reduced. Data represent mean + SD (GluA1, n=6, GluN2A, n=5). ***P<0.001. The four independent series of cultures were used for each set of experiments.

(PIERCE, IL, USA), and equivalent amounts of protein were applied
for each immunoblotting. Antibodies were used at the following
dilutions: anti-Akt (1:1000, Cell Signaling, MA, USA), anti-pAkt
(1:1000, Cell Signaling), anti-ERK (1:1000, Cell Signaling), anti-
pERK(1:1000, Cell Signaling), anti-GIuN2A (NR2A) (1:500, SIGMA),
anti-GluA1 (GluR1) (1:1000, CHEMICON, CA, USA), anti-SNAP25
(1:1000, Synaptic Systems, Gottingen, Germany), anti-syntaxin
(1:10000, SIGMA), anti-synapsin I (1:2000, CHEMICON), anti-Bcl2
(1:1000, BD Biosciences, CA, USA), anti-TUJ1 (1:5000, Berkeley
Antibody Company, CA, USA), anti-p75 (1:1000, Promega, WI, USA),
anti-TrkB (1:1000, BD Biosciences), and anti-BDNF (1:200, Santa
Cruz Biotechnology Inc., CA, USA) antibodies. The immunoreactiv-

ity was quantified by using Lane & Spot Analyzer software (ATTO
Corporation, Tokyo, Japan).

Data shown are presented as mean -+ standard deviation (SD).
Statistical significance was evaluated using a one-way ANOVA fol-
lowed by Tukey’ s test in SPSS ver11 (SPSS Japan, Tokyo, Japan).
Probability values less than 5% were considered statistically signif-
icant.

Initially, we examined the possible change in levels of endoge-
nous BDNF and associated receptors in 5 days in vitro (5DIV)
neurons prepared from the cerebral cortex of low weight pups
with TXA2-induced IUGR (IUGR-rats). Birth weight was decreased
by approximately 16% due to IUGR (control rats: 7.76+0.25g;



M. Ninomiya et al. / Neuroscience Letters 476 (2010) 104-109 107
Aok
(A) (B) ¢r
O con
CON 5k
O TUGR . UGR
o i pAKL % Al
—a——————— e A\ =
8 sl
0 530 0 530 (min) g
BDNF BDNF é
8 2t
4
Ll
0
- + BDNF
(C) 1aor M +us (D) 1op W +HS
120 L]-us 120 O-ns
E 100 g 100}
o bt ok Ak
o 80 =] 80
g 2
g 60 -g 60
g 40 E 4
w2 7]
20 I{] 20
0 - 0
=+ — + — 4 — 4 BDNF - 4+ — 4+ + - BDNF
CON IUGR - - = = 4 $ LY
(E) 1a0r M +Hs
8
O
U
=]
IS
N’
2
k]
3
F
%
=

-4+ -+

— 4 — 4+ BDNF
IUGR

CON
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BDNF-stimulated Akt, a component of the PI3K pathway, was diminished in IUGR-rat cultures at 5DIV. BDNF (100 ng/ml) was applied for the indicated number of minutes.
Activated Akt (pAkt, BDNF 5 min) was quantified. Normalization to a level in control was performed. Data represent mean + SD (n=5), ***P<0.001. Three independent series
of cultures were used for experiments. (C) The survival-promoting effect of BDNF was lost in [UGR-rat cultures. Cell viability was determined by MTT assay. Data represent
meanzSD (n=>5, n indicates the number of wells of a plate for each experimental condition), *P< 0.05. To confirm reproducibility, the three independent series of cultures
were used. (D) BDNF-dependent survival was blocked by LY294002 (1 M), an inhibitor for PI3K. Data represent mean + SD (n =6, nindicates the number of wells of a plate for
each experimental condition. MTT assay), ***P<0.001. To confirm reproducibility, the three independent series of cultures were used. (E) Neuronal survival was determined
by MAP2 immunostaining, The number of MAP2-positive cells was counted. The lower response to BDNF was confirmed in IUGR-rat cultures. Data represent mean =+ SD
(n=11, nindicates the number of wells of a plate for each experimental condition), *P<0.05.

IUGR-rats: 6.54+0.40 g, n=6 for each). As shown in Fig. 1A, BDNF
levels in neurons from IUGR-rats were unchanged compared with
those from normally weighed rats (control-rats). In contrast, TrkB,
a high affinity receptor for BDNF, was significantly decreased in
neurons from IUGR-rats (Fig. 1B). A low affinity common receptor
for neurotrophins, p75, was unchanged in cultures from IUGR-
rats (Fig. 1C). Such down-regulation of TrkB was confirmed in
homogenates from the cerebral cortex of IUGR-rats (Fig. 1D), sug-
gesting that the change observed in TrkB levels in culture is not
specific to culture conditions. TUJ1 (class Il B-tubulin, a neuronal

marker) levels are shown as a control (Fig. 1A-D). As BDNF/TrkB
signaling is important for expression of Bcl2 [4], we determined
the Bcl2 levels and found marked reduction in IUGR-rat cultures,
though TUJ1 was unchanged (Fig. 1E), raising a possibility that
IUGR makes cortical neurons vulnerable to death-inducible stim-
uli. Cell viability of cultures from both IUGR- and control-rats was
decreased after serum-deprivation (Fig. 1F). Expectedly, the level of
decrease in cell viability of IUGR-rat neurons was larger than that of
control-rats, We observed a clear reduction of TrkB and Bcl2 levels
in 8DIV cultures (Supplementary Fig.S1), implying that down-
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regulation of TrkB and Bcl2 proteins due to IUGR is sustained during
neuronal maturation. Furthermore, decreased viability of 8DIV
neurons from IUGR-rats was confirmed (Supplementary Fig.S1).

Next, activation of intracellular signaling stimulated by BDNF
was examined. Activation of ERK1/2 (phosphorylated ERK1/2,
pERK1/2) 5min after BDNF application was reduced in IUGR-
rat cultures while total ERK1/2 and TU]J1 levels were unchanged
(Fig. 2A and B). In the presence of arabinosylcytosine, which pre-
vents glial cell proliferation, the reduced pERK1/2 in IUGR-rat
cultures when BDNF was added was also observed (Supplementary
Fig.52), suggesting that this suppression of ERK1/2 activation is
a neuronal, and not glial, response. We previously reported that
ERK1/2 regulates synaptic protein expression [23,26]. In the cur-
rent study, the expression levels of SNAP25, syntaxin, and synapsin
1 were unchanged in IUGR-rat neurons compared with control
(Fig. 2C). Interestingly, ionotropic glutamate receptors (GluA1 and
GIuN2A) in IUGR-rat cultures were down-regulated (Fig. 2D). It is
possible that the decreased activity of the ERK1/2 pathway via IUGR
results in down-regulation of glutamate receptors.

The activation of Akt, a component of the PI3K pathway (well-
known as a survival promoting pathway), was also determined.
BDNF-stimulated activation of Akt (phosphorylated Akt, pAkt)
was reduced in IUGR-rat neurons with or without arabinosylcy-
tosine treatment (Fig. 3A and B, and Supplementary Fig.52). To
test whether the PI3K/Akt pathway is involved in neuronal sur-
vival [9], we examined the BDNF-dependent protection of cortical
neurons from cell death caused by serum-deprivation. MTT assay
revealed that BDNF inhibited the cell death in control-rat cultures,
however, the protection by BDNF was not observed in IUGR-
rat cultures (Fig. 3C). In control cultures, BDNF upregulated Bcl2,
an anti-apoptotic protein (Supplementary Fig.53). We confirmed
that LY294002, a PI3K inhibitor, blocked BDNF-dependent survival
in control cultures (Fig. 3D). Furthermore, immunostaining with
anti-MAP2 (microtubule-associated protein 2, neuronal marker)
antibody revealed that, though the number of MAP2-positive sur-
viving cells was reduced after serum-deprivation in both IUGR~-and
control cultures, a lower response to BDNF was confirmed in IUGR-
rat neurons compared with control (Fig. 3E). Taken together, it is
possible that the survival-promoting effect of BDNF was weakened
in I[UGR-rat neurons.

We found that TrkB (not BDNF) was significantly decreased in
cortical cultures from IUGR-rats. Consistent with the reduction of
TrkB, BDNF-stimulated MAPK/ERK1/2 and PI3K/Akt pathways were
diminished in IUGR-rat cultures compared with control. Bcl2, a
survival promoting protein, was also down-regulated in IUGR-rat
cultures. We also found a significant decrease in synaptic protein
(GluA1 and GluN2A) levels in IUGR-rat cultures. Interestingly, cor-
tical neurons from IUGR-rats showed vulnerability to cell death as
well as a weakened response to the survival-promoting effect of
BDNF.

Impairment of BDNF and TrkB functions has been impli-
cated in the pathogenesis of schizophrenia {6,11], as well as
other neuropsychiatric diseases such as depression [5]. A recent
study demonstrated a reduction in BDNF in the dorsolateral
prefrontal cortex of schizophrenics [34], suggesting that BDNF
down-regulation may affect the functions of intrinsic cortical neu-
rons, afferent neurons, and target neurons. Remarkably, an animal
model of IUGR by TXA2 showed decreased BDNF and NT-3 mRNAin
the cerebral cortex[14]. In our system, TrkB was decreased by IUGR,
although BDNF levels were not altered. In addition to ligand (BDNF),
a change in the expression of receptor (TrkB) may contribute to
neuronal dysfunction due to IUGR.

Perhaps the down-regulation of TrkB in IUGR-rat neurons
occurred as a result of post-transcriptional modifications. Ernst et
al. reported that TrkB.T1 (one of the truncated types of TrkB) is
down-regulated in the frontal cortex in a subset of suicide vic-

tims compared with controls and that this down-regulation is
associated with methylation at specific CpG dinucleotides proxi-
mal to the coding region [12]. Indeed, several susceptibility genes
for schizophrenia are subject to changes in transcriptional activity
due to histone modifications and DNA methylation [15]. To date,
most studies exploring DNA methylation changes in schizophrenia
postmortem brain were focused on the cerebral cortex, primar-
ily its prefrontal areas [3]. Various degrees of aberrant CpG hyper-
or hypomethylation have been reported in regulatory sequences
of promoters of genes involved in the cortical dysfunction of
schizophrenia, including the glycoprotein REELIN, COMT, and SOX10
[1,2,3,16,22]. Thus, TrkB reduction via IUGR in our models may be
due to DNA methylation, although further studies are required to
confirm this possibility.

In IUGR-rat cultures, the expression of postsynaptic pro-
teins, GluA1 and GluN2A, was decreased. In the hippocampus of
schizophrenia postmortem brains, reduced expression of subunits
for ionotropic glutamate receptors (including NMDA, AMPA, and
kainate type receptors) was reported [17]. Recently, we found
that intracellular signaling, including the MAPK/ERK pathway, has
an important role in the maintenance of synaptic proteins and
is involved in schizophrenia [19,23,26,29]. The decrease of TrkB
expression may lead to the reduction in postsynaptic proteins as
observed in patients with schizophrenia.

TrkB down-regulation may cause reduced activation of the
MAPK/ERK and PI3K/Akt pathways in response to BDNF. These
pathways are critical for synaptic protein expression and neuronal
survival. We confirmed that cortical neurons from IUGR-rats were
vulnerable to cell death by serum-deprivation. Bcl2 expression and
survival-promoting effects of BDNF were also decreased in [IUGR-rat
cultures. Increased vulnerability of neurons to neurotoxic dam-
age caused by inadequate neurotrophic support is thought to be
involved in the etiology of psychiatric disease [6}. In summary, our
results suggest that impairment of BDNF-TrkB signaling caused by
IUGR and the resultant decrease in viability of neurons and expres-
sion of glutamate receptors may be responsible, at least in part, for
the cortical dysfunction observed in schizophrenia-like behaviors.
We demonstrated that our in vitro system may offer a useful model
for studies to investigate the cellular mechanisms of schizophrenia.
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ABSTRACT

Semaphorins are ligands of plexins, and the plexin—semaphorin signaling system is widely involved in
many neuronal events including axon guidance, cell migration, axon pruning, and synaptic plasticity. The
plexin A2 gene (PLXNA2) has been reported to be associated with schizophrenia. This finding prompted
us to examine the possible association between the semaphorin 3D gene (SEMA3D) and schizophrenia in
a Japanese population. We genotyped 9 tagging single nucleotide polymorphisms (SNPs) of SEMA3D
including a non-synonymous variation, Lys701GIn (rs7800072), in a sample of 506 patients with
schizophrenia and 941 healthy control subjects. The GIn701 allele showed a significant protective effect
against the development of schizophrenia (p = 0.0069, odds ratio = 0.76, 95% confidence interval 0.63 to
0.93). Furthermore, the haplotype-based analyses revealed a significant association. The four-marker
analysis (rs2190208-rs1029564—1517159614—1512176601), in particular, not including the Lys701Gln,
revealed a highly significant association (p = 0.00001, global permutation), suggesting that there may be
other functional polymorphisms within SEMA3D. Our findings provide strong evidence that SEMA3D
confers susceptibility to schizophrenia, which could contribute to the neurodevelopmental impairments

in the disorder.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The first discovered semaphorin, collapsing-1 (now Sema3A),
was originally reported as a repulsive cue in-axon guidance (Luo
et al, 1993). To date, more than 20 semaphorins of secreted or
membrane forms have been identified in.various species ranging
from nematodes to humans (Luo et al, 1993; Fujii et al, 2002;
Yazdani and Terman, 2006). Semaphorins act as ligands for plex-
ins, and the plexin—semaphorin signaling system has been widely
investigated in nervous systems (Mann et al,, 2007). Class 3 sem-
aphorins (SEMA3A-G) have been well-studied and generally act as
secreted ligands for the heterodimerized complex of the plexin A
family members and neuropilins (Fujisawa, 2004). For example,
Sema3A binds to neuropilin-1 and activates plexin A1 or plexin A2
to transduce a repulsive axon guidance signal (Takahashi and
Strittmatter, 2001). Many studies of the plexin—semaphorin

* Corresponding author. Department of Mental Disorder Research, National
Institute of Neuroscience, National Center of Neurology and Psychiatry, 4-1-1
Ogawahigashi, Kodaira, Tokyo 187-8502, Japan. Tel.[fax: +81 42 346 1714.

0022-3956/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jpsychires,2010.05.004

signaling system have concentrated on their roles in neuronal

development and plasticity (reviewed in (Kruger et al, 2005;01

Halloran and Wolman, 2006; Waimey and Cheng, 2006; Mann
et al., 2007)).

Recently, the relationship between schizophrenia and molecules
in the plexin—semaphorin signaling system has begun to receive
much attention, for several reasons (Mann et al., 2007). An increase
in levels of SEMA3A was noted in the cerebellum in postmortem
brains of schizophrenia patients, as measured by immunoreactivity
in the inner molecular layer and by the enzyme-linked immuno-
sorbent assay (ELISA) in cerebellar protein extract (Eastwood et al.,
2003). A genome-wide association study using 25,494 single
nucleotide polymorphisms (SNPs) revealed that an intronic SNP of
PLXNA2 was most consistently associated with schizophrenia in
European—American populations (Mah et al., 2006). Our replica-
tion study in a Japanese sample failed to confirm such an associa-
tion (Fujii et al,, 2007); however, a meta-analysis combining data
from previous studies of PLXNA2 yielded a positive association with
schizophrenia (Allen et al., 2008), in which it was reported that the
C allele of the SNP rs752016 of PLXNA2 showed a nominally
significant protective effect (odds ratios (OR) = 0.82, 95%
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confidence interval (CI) = 0.69-0.99), and association of the SNP
rs841865 approached statistical significance (OR = 0.84, 95%
Cl = 0.69—1.01) when samples of Mah et al. and Fujii et al. were
combined (Mah et al,, 2006; Fuijii et al., 2007). Furthermore, in the
updated online database, “SchizophreniaGene (http://www.
schizophreniaforum.org/),” association of the SNP r1s1327175
approached statistical significance (OR = 0.76, 95% CI = 0.57—1.00)
(Mah et al,, 2006; Fujii et al,, 2007; Takeshita et al., 2008; Budel
et al, 2008). Therefore, genes of the plexin family, the sem-
aphorin family, and neuropilins, are intriguing candidates for
schizophrenia susceptibility genes. We then focused on SEMA3D as
a candidate gene for schizophrenia. SEMA3D was mapped to
chromosome 7q21 (Clark et al, 2003); interestingly, a previous
genome-wide scan suggested that this chromosomal region
contains a susceptibility locus for schizophrenia (Ekelund et al.,
2000) and recent studies have provided additional support for
this possibility (Tastemir et al., 2006; Wedencoja et al., 2008, 2009;
Idol et al,, 2008).

The aim of the present study was to examine the possible
association between SEMA3D and schizophrenia. SEMA3D has
a common variant in the coding region due to an A to C base
substitution (rs7800072), which results in an amino acid change
(701 Lys to GIn). This SNP has previously been examined with
regard to brain morphology (assessed with magnetic resonance
imaging) in patients with schizophrenia (Gregorio et al., 2009).
Although this study failed to find significant alterations in brain
morphology, it is still unclear whether this SNP confers suscepti-
bility to schizophrenia. We examined the possible association of
schizophrenia with this non-synonymous SNP, plus 8 tagging SNPs
encompassing the entire SEMA3D gene.

2. Subjects and methods
2.1. Subjects

Subjects were 506 patients with schizophrenia (278: males
[54.9%], mean age 44.3 years [SD 14.1]) and 941 healthy controls
(334 males [35.5%], mean age 44.8 years [SD 16.3]). All subjects
were Japanese, biologically unrelated, and recruited from the same
geographical area (Western part of Tokyo Metropolitan). Consensus
diagnosis by at least two psychiatrists was made for each patient
according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-IV) criteria (American Psychiatric
Association, 1994) on the basis of unstructured: interviews and
information from medical records. The controls were healthy
volunteers recruited from the same geographical area. Control
individuals were interviewed and those'who had a current or past
history of psychiatric treatment were not enrolled in the study. The
study protocol was approved by the ethics committee of the
National Center of Neurology and Psychiatry, Japan. After descrip-
tion of the study, written informed: consent was obtained from
every subject.

2.2, SNP selection

The tagging SNPs were selected using the phase IIl version of
HapMap (http://www.hapmap.org/cgi-perl/gbrowse/). SNP geno-
type data for the JPT (Japanese in Tokyo, Japan) were downloaded
for the genomic region of SEMA3D plus 2 kb 5’ and 2 kb 3’ of this
region (chr7q21.11). The most centromeric and telomeric HapMap
markers downloaded were 1rs6944966 and rs11762367, respec-
tively. HapMap markers were analyzed using the Haploview 4.1
system (http://www.broad. mit.edu/mpg/haploview) with the
following criteria of marker selection: Hardy—Weinberg (HW) p
value cutoff: 0.05; minimum genotypes: 90%; maximum number of

Mendelian errors: 1; minimum minor allele frequency: 0.1;
minimum distance between tags: 10 kb. Tagging SNPs were
selected using the Tagger function implemented in Haploview with
the following criteria: pairwise tagging only and 1 threshold 0.8.
We preselected rs7800072 and rs6966472 as markers and used the
Tagger function implemented in Haploview to select other markers.
As a result, 9 markers were selected as suitable for analysis for
SEMA3D. SNP rs7800072 is non-synonymous (2141A > (,
Lys701GIn). The numbers of base and amino acid positions were
according to NM_152754.2 and NP_689967.2, respectively.

2.3. Genotyping

Venous blood was drawn 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; the assay ID (Applied Biosystems, Foster City,
CA) of each - SNP was (C_15937080_10 for rs2190208,
C__7585979_10 for rs1029564, C__33462384_10 for rs17159614,
C__31373903:10 for rs12176601, C__2635874_10 for rs6966472,
C___2635864_10 for rs17559978, C__33462432_10 for rs17159577,
C_33462438_10 for rs17159556, and C__25994972_10 for
1s7800072. Thermal cycling conditions for polymerase chain
reaction {PCR) were 1 cycle at 95 °C for 10 min followed by 50 cycles
of 92 °C for 15 s and 60 °C for 1 min. Genotype data were read blind
to the case-control status. Ambiguous genotype data were not
included in the analysis.

2.4. Haplotype and statistical analysis

Deviations of genotype distributions from the HW equilibrium
(HWE) were assessed with the y? test for goodness of fit. Genotype
and allele distributions were compared between patients and
controls by using the y? test for independence. These tests were
performed with SPSS software ver.11 (SPSS Japan, Tokyo, Japan).
Haplotype-based association analyses were performed with
SNPAlyze software ver.6.5 (http://www.dynacom.co.jp/e/products/
package/snpalyze/abouthtml). The measures of linkage disequi-
librium (LD), denoted as D’ and 12, were calculated from the
haplotype frequency using the expectation-maximization (EM)
algorithm. Haplotypes with frequencies of less than 1% were
considered to be rare and were excluded from the analyses. All p
values reported are two-tailed. We performed 100,000 permuta-
tions only for some significant haplotypes (e.g.
15s2190208—-r5s1029564—1s17159614~r5121176601) and 10,000
permutations for the other haplotypes. OR and 95% Cl were also
calculated. To correct the critical p value for multiple testing, we
used the spectral decomposition method of SNPSpD software
(http://gump.qimr.edu.au/general/daleN/SNPSpD/) (Nyholt, 2004;
Li and Ji, 2005), which considers marker linkage disequilibrium
information and generates an experiment-wide significance
threshold required to keep the type I error rate at 5%.

3. Results

Genotype and allele distributions of the examined SNPs of
SEMA3D in patients and controls are shown in Table 1. LD estimates
of pairwise SNPs, expressed in D’ and 2, are presented in Fig. 1. The
genotype distributions did not significantly deviate from the HWE
in patients and controls for any of the examined SNPs. For the non-
synonymous polymorphism of SEMA3D (rs7800072), there were
significant differences in both genotype (x2 = 8.7, df = 2, p = 0.013)
and allele (x® = 7.3, df = 1, p = 0.0069, OR = 0.76, 95% C1 0.63—0.93)
distributions between patients and controls (Table 1), Furthermore,
with respect to the other 8 SNPs (rs2190208, rs1029564,
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Fig. 1. The genetic structure of SEMA3D and location of the examined SNPs. The D’ and 1 values between paired SNPs are shown in the diagram. The exonic regions are shown as

white squares. The intensity of the box color corresponds to the strength of LD or A

rs17159614, rs12176601, rs6966472, 1s17559978, rs17159577, and
1s17159556), several significant differences in genotype and allele
distributions were observed (Table 1). To correct for multiple
testing, we calculated the experiment-wide significance threshold
required to keep the type L error rate at 5%. As a result, the corrected
p value was calculated as 0.0085. The allelic associations with the
SNPs rs7800072 (Lys701GIn) and rs6966472 remained significant
after the correction (Table 1). Distinguishing between the carriers
and the non-carriers with respect to the GIn701 allele for patients
and controls, the protective effect became clearer (p = 0.0033).
The results of haplotype-based analyses are shown in Table 2.
There were significant haplotypic associations of: the SNPs in
SEMA3D when comparing the schizophrenic patients and
control subjects. In particular, the four-marker haplotype
(rs2190208—151029564—1517159614—1s121176601) showed
a statistically significant association with schizophrenia (global
permutation p = 0.00001). Concerning this haplotype analysis,

global p values of 100,000 permutations, which corrected for
multiple testing, were also significant. Furthermore, the haplotype
frequency of GAGA was significantly higher in schizophrenia
patients than in control subjects (0.376 and 0.291, permutation
p = 0.00005), whereas those of GAGT, AAAA, and GCGA were
significantly lower in schizophrenic patients than in controls (0.050
and 0.084, permutation p = 0.0029; 0.007 and 0.025, permutation
p = 0.0062; 0.007 and 0.021, permutation p = 0.020, respectively)
(Table 3).

When we performed stratified analysis of the data for
rs7800072 by sex, a significant association was observed in women
(p = 0.0089), but not in men (p = 0.41) (supplementary Tables 1 and
2). In the haplotype analysis, on the other hand, the four-marker
haplotype (rs2190208—rs1029564—1517159614—15121176601)
showed a statistically significant association in men (global
permutation p = 0.00001), but was at a trend level in women
(global permutation p = 0.0699). The haplotype frequency of GAGA

Table 2
Associations with schizophrenia of the 9 SNPs and haplotypes in SEMA3D.
SNP No. dbSNP ID Allele model Haplotype p?
p value 2 Locus 3 Locus 4 Locus 5 Locus 6 Locus 7 Locus 8 Locus 9 Locus
SNP1 rs2190208 0.59
0.019
SNP2 151029564 0.011 0.10
0.029 0.00001
SNP3 rs171598614 0.96 0.00002 0.00005
0.0004 0.0003 0.00007
SNP4 1512176601 0.021 0.0010 0.0001 0.0003
0.035 0.0006 0.0016 0.0007
SNP5 rs6966472 0.0075 0.053 0.0004 0.0001 0.0007
0.023 0.098 0.0001 0.0001
SNP6 1517559978 0.025 0.022 0.061 0.0004
0.030 0.025 0.076
SNP7 rs171598577 0.60 ' 0.064 0.024
0.042 0.051
SNPS rs17159556 0.012 0.028
0.020
SNP9 157800072 0.0069

* global p value.
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Table 3
Estimated haplotype frequencies and association significance for SEMA3D.

Haplotype 152190208 151029564 rs17159614 1512176601 % of individuals
Overall Control Schizophrenia x2 p value Permutation p value

1 G A G A 0.321 0.291 0.376 20.40 0.0000063 0.000050
2 A A A T . 0.207 0.201 0.219 121 0.27 028
3 G [« G T 0.190 0.199 0172 298 0.085 0.089
4 A A G T 0.142 0.143 0.139 0.10 0.75 0.76
5 G A G T 0.072 0.084 0.050 11.23 0.00080 0.0029
6 A A G A 0.034 0.036 0.031 037 0.54 0.59
7 A A A A 0.019 0.025 0.007 10.75 0.0010 0.0062
8 G C G A 0.016 0.021 0.007 7.55 0.0060 0.020

%2 p value Permutation p value Replications
Global 46.07 0.000000085 0.00001 100000

was significantly higher in schizophrenia patients than in control
subjects in both men (0.368 and 0.272, permutation p = 0.00053)
and women (0.384 and 0.302, permutation p = 0.003).

4. Discussion

Our results provide the firstevidence for the possible involvement
of SEMA3D in the pathogenesis of schizophrenia. With respect to the
non-synonymous {Lys701GIn) polymorphism, we found a significant
preponderance of the Lys/Lys genotype and the Lys701 allele in
schizophrenia patients compared with control subjects. In the
haplotype-based analyses, we also obtained evidence for an associ-
ation between SEMA3D and schizophrenia. Interestingly, the most
significant haplotype, rs2190208-r151029564—rs17159614
—15121176601, does not include rs7800072 (Lys701Gln) (see Fig. 1).
Therefore, it is likely that at least one functional polymorphismother
than rs7800072, which is in linkage disequilibrium to the haplotype,
could be responsible for susceptibility to schizophrenia. In stratified
analysis for rs7800072 by sex, the frequency of the GIn701 allele was
significantly lower in schizophrenia patients than in control subjects
in women (0.17 and 0.23, p = 0.0088) (supplementary.Table 2).
Likewise, this was also lower in men, but was not:statistically
significant (0.18 and 0.20, p = 0.41) (supplementary Table 1).
Regarding analysis of the four-marker haplotype  (rs2190208—
1s1029564-1517159614—15121176601), there remained a statistical
significance in men (global permutation p = 0.00001)and a tendency
inwomen (global permutation p = 0.0699). In addition, the frequency
of the most major haplotype (GAGA) was.significantly higher in
schizophrenia patients than in control subjects in both sexes. These
inconsistent results between males and females are likely to have
arisen from the lack of statistical power after dividing the sexes.

The neurodevelopmental hypothesis of schizophrenia proposes
that abnormalities of brain development aré involved in the path-
ogenesis of schizophrenia (Conrad and Scheibel, 1987; Weinberger,
1987; Murray, 1994; Waddington=et ‘al, 1998). In early brain
developmental stages, a number of semaphorins play important
roles in axonal repulsion, axonal attraction, neuronal cell migration,
and axon pruning (reviewed.in Kruger et al., 2005; Waimey and
Cheng, 2006; Halloran and Wolman, 2006; Mann et al, 2007).
Indeed, SEMA3D has been shown to act in axon guidance and cell
migration during neuronal development (Wolman et al., 2004,
2007; Liu et al., 2004; Liu and Halloran, 2005; Sakai and Halloran,
2006; Takahashi et al, 2009). With respect to neuronal cell
migration, neuronal disarray and abnormal migration in the
neocortical white matter were reported in postmortem studies of
patients with schizophrenia (Jakob and Beckmann, 1986; Akbarian
et al., 1993). Regarding pruning, Feinberg proposed that schizo-
phrenia may arise from excessive synaptic pruning during adoles-
cence (Feinberg, 1982; Keshavan et al, 1994). Indeed, decreased

density of dendritic spines was observed in the prefrontal cortex of
patients with schizophrenia (Garey et al., 1998; Glantz and Lewis,
2000). These findings suggest that variants of SEMA3D may
contribute to the pathogenesis of schizophrenia through affecting
development of neural networks. The genotypic difference based
on the Lys701GIn polymorphism of SEMA3D might lead to devel-
opmental differences in the brain; the GIn701 carriers would
exhibit intrinsically greater protective effects against the develop-
ment of schizophrenia than the GIn701 non-carriers. Although
SEMA3D has not yet been well-studied, SEMA3A has been investi-
gated in detail. In particular, an increase in the expression of
SEMA3A has previously been associated with schizophrenia
(Eastwood et al., 2003). Moreover, PLXNA2, which encodes one of
the receptors for class 3 semaphorins, was identified as a candidate
gene for schizophrenia in a genome-wide association study (Mah
et al., 2006). Currently, this association is also supported by the
meta-analysis of Allen et al. (2008). SEMA3A and SEMA3D belong
to the same class and share the most similarity with each other of
the class 3 semaphorin genes (Luo et al, 1995). These findings
further strengthen the evidence for a possible role of SEMA3D in the
development of schizophrenia.

It is possible that the amino acid change (Lys701GIn) may affect
the function of SEMA3D protein and that this results in susceptibility
to schizophrenia. Indeed, this is a substitution from a large and basic
amino acid (Lys) to a medium-sized and polar one (GIn). This is likely
to lead to functional differences between the two types of SEMA3D.
One possibility is that this substitution might result in conforma-
tional change of SEMA3D and influence its affinity for its receptors.
Another possibility is that the Lys701 and GIn701 variants of
SEMA3D have different cellular localization. The basic domain of
class 3 semaphorins electrostatically interacts with the proteoglycan
components of the extracellular matrix (De Wit et al,, 2005) and the
granule matrix (de Wit et al., 2009). The substitution from the basic
Lys701 to the non-basic GIn701 may affect such interactions
between SEMA3D and these matrices. Alteration of the extracellular
matrix may modify distribution of SEMA3D in neurons, and that of
the granule matrix may affect secretion from secretory vesicles. The
class 3 semaphorins not only act as axon guidance cues but also have
key roles in synaptic formation and function. Therefore, these
modified interactions could impact on the establishment of synaptic
contacts and the formation of new synapses. Although the amino
acid substitution (Lys701GIn) was predicted to be benign by Poly-
phen (http:/fgenetics.bwh.harvard.edu/pph/) and SIFT (http:/[sift.
jeviorg/) programs, its actual effects should be elucidated by cell
biological or biochemical approaches.

Accumulating evidence suggests that the semaphorins are
regulatory factors of tumor progression and modulators of angio-
genesis (reviewed in (Neufeld and Kessler, 2008) and (Capparuccia
and Tamagnone, 2009)). Recently, SEMA3D was also reported to
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possess anti-tumorigenic and anti-angiogenic properties (Kigel
et al, 2008). The hypoactivity of SEMA3D could be linked to
increased incidence of cancer. Previous studies and reviews have
partially supported the idea that the incidence of cancer in patients
with schizophrenia is reduced compared with the general pop-
ulation (Grinshpoon et al,, 2005; Dalton et al,, 2005; Catts et al.,
2008). It is possible that semaphorins are related to the develop-
ment of schizophrenia and also contribute to the associated lower
incidence of cancer, and this topic warrants further investigation.

In conclusion, we found a significant association between the
Lys701GIn polymorphism of SEMA3D and schizophrenia. In addi-
tion, the haplotype r1s52190208—rs1029564—1517159614~
15121176601, not including the Lys701GIn variant, was shown to be
associated with schizophrenia, which suggests that some other
polymorphisms of SEMA3D play a role in the pathogenesis of
schizophrenia. Taking the previous molecular and developmental
findings together with the present genetic findings, SEMA3D
appears to be a promising candidate gene related to susceptibility
to schizophrenia.
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GLUCOCORTICOID ATTENUATES BRAIN-DERIVED NEUROTROPHIC
FACTOR-DEPENDENT UPREGULATION OF GLUTAMATE RECEPTORS
VIA THE SUPPRESSION OF MICRORNA-132 EXPRESSION
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Abstract—Brain-specific microRNAs (miRs) may be involved
in synaptic plasticity through the control of target mRNA
translation. Brain-derived neurotrophic factor (BDNF) also
contributes to the regulation of synaptic function. However,
the possible involvement of miRs in BDNF-regulated synaptic
function is poorly understood. Importantly, an increase in
glucocorticoid leveis and the downregulation of BDNF are
supposed to be involved in the pathophysiology of depres-
sive disorders. Previously, we reported that glucocorticoid
exposure inhibited BDNF-regulated synaptic function via
weakening mitogen-activated protein kinase/extracellular
signal-regulated kinase1/2 (MAPK/ERK) and/or phospho-
lipase C-y (PLC-y) intracellular signaling in cultured neurons
[Kumamaru et al (2008) Mol Endocrinol 22:546-558; Nu-
makawa et al (2009) Proc Natl Acad Sci U S A 106:647-652].
Therefore, in this study, we investigate the possible influence
of glucocorticoid on BDNF/miRs-stimulated biological re-
sponses in cultured cortical neurons. Significant upregula-
tion of miR-132 was caused by BDNF, although miR-9, -124,
-128a, -128b, -134, -138, and -16 were intact. Transfection of
exogenous ds-miR-132 induced marked upregulation of glu-
tamate receptors (NR2A, NR2B, and GluR1), suggesting that
miR-132 has a positive effect on the increase in postsynaptic
proteins levels. Consistently, transfection of antisense RNA
to inhibit miR-132 function decreased the BDNF-dependent
increase in the expression of postsynaptic proteins. U0126,
an inhibitor of the MAPK/ERK pathway, suppressed the
BDNF-increased miR-132, suggesting that BDNF upregulates
miR-132 via the MAPK/ERK1/2 pathway. Interestingly, pre-
treatment with glucocorticoid (dexamethasone, DEX) re-
duced BDNF-increased ERK1/2 activation, miR-132 expres-
sion, and postsynaptic proteins. We demonstrate that the
exposure of neurons to an excess glucocorticoid results in a
decrease in the BDNF-dependent neuronal function via sup-
pressing miR-132 expression. © 2010 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: BDNF, MAPK, ERK, synaptic function, neurotro-
phin.
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receptor; MAPK/ERK1/2, mitogen-activated protein kinase/extracellu-
lar signal-regulated kinase1/2; PI3K, phosphatidylinositol 3-kinase;
PLC-v, phospholipase C-vy; NMDA, N-methyl-o-aspartate.

MicroRNAs (miRs) are endogenous ~22 nt RNAs that
regulate various gene expression profiles via targeting
mRNAs for cleavage or translational repression (Bartel,
2004). A growing number of reports suggest that miRs are
important for various cellular processes, including differen-
tiation, apoptosis, and metabolism in both animals and
plants (Schratt et al.,, 2006; Chapman and Carrington,
2007; Pillai et al., 2007). Recently, the neuronal roles of
miRs have been proposed. MiR-132 is increased by (brain-
derived neurotrophic factor) BDNF and is involved in the
promotion of neuronal outgrowth (Vo et al., 2005). Con-
versely, miR-134 negatively regulates the size of postsyn-
aptic sites through inhibiting the translation of an mRNA
encoding a protein kinase, Limk1 (Schratt et al., 2006).

BDNF, a neurotrophin, is essential for a variety of
neuronal aspects, including proliferation, differentiation,
and survival in the CNS. In addition, BDNF promotes syn-
aptic maturation and modulates synaptic plasticity, includ-
ing long-term potentiation (LTP) (Bibel and Barde, 2000).
Importantly, BDNF may be a key molecule related to the
pathophysiology of mental disorders. For example, expres-
sion of BDNF is low in the brains of suicide victims with
depressive disorder (Karege et al., 2005). Reduction in the
level of BDNF was also observed in chronically stressed
rats (Smith et al., 1995; Hansson et al., 2003). Interest-
ingly, a failure in the control of glucocorticoid (a stress
hormone) homeostasis is thought to be involved in the
symptoms of depressive disorder (Holsboer, 2000; Kunugi
et al., 2006). We have recently reported that glucocorticoid
suppressed the BDNF-induced synaptic maturation and
excitatory neurotransmitter glutamate release (Kumamaru
et al., 2008; Numakawa et al., 2009), while antidepres-
sants reinforced the BDNF-triggered glutamate release
(Yagasaki et al., 2008). Collectively, these results suggest
that the prevention of BDNF action by increased glucocor-
ticoid is closely related to depressive disorders.

It has been suggested that miR-132 is involved in
BDNF function; however, the mechanism underlying the
induction of miR-132 and the change in its function after
exposure to glucocorticoid has not been fully elucidated.
Here, we investigated the effect of BDNF on expression of
miR-132 and its function with or without glucocorticoid
pretreatment.

EXPERIMENTAL PROCEDURES
Chemicals

Dexamethasone (DEX) (Biomol International LP, PA, USA), a
synthetic glucocorticoid receptor (GR)-selective agonist, was dis-

0306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All rights reserved.
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solved in dimethyl sulfoxide (DMSO, Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan). DMSO alone had no effect compared
with no treatment (data not shown). U0126 (an inhibitor for MEK,
an upstream molecule of MAPK/ERK1/2) was purchased from
Promega (WI, USA), and used at a final concentration of 10 uM.
PD98059 (an inhibitor for MEK, Calbiochem-Novabiochem
GmbH, CA, USA) was used at 50 uM. LY294002 (a PI3 kinase
inhibitor, Calbiochem-Novabiochem GmbH) and U73122 (a phos-
pholipase C-y (PLC-v) inhibitor, Wako) were applied at 1.0 uM,
respectively. D-(—)-2-amino-5-phosphonopentanocic acid (APV),
and 6-cyano-7-nitroguinoxaline-2,3-dione (CNQX) were pur-
chased from Tocris Bioscience (Bristol, UK). Other reagents were
obtained from Sigma (MO, USA). Regeneron Pharmaceutical Co.,
(NY, USA), Takeda Chemical Industries, Ltd. (Osaka, Japan) and
Dainippon Sumitomo Pharma Co. Ltd. (Osaka, Japan) donated
the BDNF.

Cell cultures

Primary cultures were prepared from postnatal 2 day-old rat (SLC,
Shizuoka, Japan) cerebral cortex, as reported previously (Nu-
makawa et al., 2002a,b). Dissociated cortical cells were plated at
a final density of 5x105/cm? on polyethyleneimine-coated culture
dishes (Corning, NY, USA). The culture medium (5/5 DF) con-
sisted of 5% fetal bovine serum, 5% heated-inactivated horse
serum, 90% of a 1:1 mixture of Dulbecco’'s Modified Eagle’s
Medium and Ham's F-12 medium containing 15 mM HEPES
buffer, pH 7.4, 30 nM Na,SeO; and 1.8 mg/ml NaHCO,. All
animals were treated according to the institutional guidelines for
the care and use of animals. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

Drug application

Cortical cultures were maintained for 7 days (7 days in vitro, DIV7)
before DEX (final 1.0 uM) application. Seventy two hours later (at
DIV10), BDNF was applied, and an additional 24 h of maintenance
was carried out before sample collection for Northern blotting,
RT-PCR, and immunoblotting. U0126, PD98059, LY284002, or
U73122 was applied 20 min before BDNF addition.

Transfection of miR-132 antisense or ds-miR-132

To examine the function of endogenous miR-132, 2'-0-met-miR-
132 antisense oligonucleotide (5'-CGACCAUGGCUGUAGACU-
GUUA-3', Hokkaido system science, Hokkaido, Japan) transfec-
tion was carried out at DIVS for 24 h prior to BDNF addition at
DIV10. As a control, 2'-o-met-negative control oligonucleotide
(5'-AGACUAGCGGUAUCUUAAACC-3') (Tsuchiya et al., 2006)
was used. Ds-miR-132 (double-stranded synthesized mature mi-
croRNA "miCENTURY OX miNatural,” B-Bridge, Tokyo, Japan,
sense strand 5-CAACCGUGGCUUUCGAUUGUUACU-3’', anti-
sense strand 5'-UAACAGUCUACAGCCAUGGUCGCC-3'), or
negative control siRNA (5'-ATCCGCGCGATAGTACGTA-3', B-
Bridge) was also transferred. The ds-miR-132 transfection was
conducted at DIV9. Forty eight hours later, the cortical cultures
were harvested for immunoblotting. When an influence of U0126
was examined, U0126 (10 uM) was applied just after the ds-miR-
132 transfection. RNA transfection (final 100 ng/mi, respectively)
was performed using Lipofectamine 2000 reagent (Invitrogen, CA,
USA). After estimating the efficiency of transfection using Lipo-
fectamine in our cortical neurons (with GFP plasmid, pAcGFP1-
N1, Clontech, CA, USA), we confirmed at least 39.1+4.6% (n=9)
of cells were transfected.

Northern blotting

Small RNAs (<200 nt) were isolated using a mirVana™ miRNA
Isolation Kit (Ambion, TX, USA). The RNAs were separated on

15% acrylamide TBE-urea mini-gel and then electroblotted onto a
Hybond N+ nylon filter membrane (Amersham, Buckinghamshire,
UK). Antisense oligonucleotides for miR-9 (5'-TCATACAGCTA-
GATAACCAAAGA-3'), miR-124a (5'-TGGCATTCACCGCGTGC-
CTTAA-3'), miR-128a (5'-AAAAGAGACCGGTTCACTGTGA-3"),
miR-128b (5'-GAAAGAGACCGGTTCACTGTGA-3'), miR-132
(5'-CGACCATGGCTGTAGACTGTTA-3'), miR-134 (5'-CCCTCT-
GGTCAACCAGTCACA-3’), miR-138 (5'-GATTCACAACAC-
CAGCT-3'), and miR-16 (5'-CGCCAATATTTACGTGCTGCTA-
3') were labeled with [y-32P) ATP using T4polynucleotide kinase
and hybridized to the filter in ULTRAhyb®-Ultrasensitive Hybrid-
ization Buffer (Ambion) according to the manufacturer’s instruc-
tions. To confirm equal loading, the blots were reprobed to detect
U6 snRNA. Quantitation was performed using a Bioimageanalyser
(BAS2500, Fuiji film, Tokyo, Japan) system. In the present study,
we quantified the mature miR-132 (around 20 nt) because the
expression of pre-miR-132 (around 60 nt) could not be detected
(Supplemental figure).

Polymerase chain reaction (PCR)

Total RNAs were isolated using the mirVana miRNA Isolation Kit
(Ambion). Quantitative analysis of miR-132 was carried out on
RNA samples using the specific stem-loop primers for reverse
transcription, followed by realtime TagMan reagents (Applied
Biosystems, CA, USA). All values were normalized to achieve
endogenous control of miR-16. All amplicons were analyzed using
Prism 7900HT sequence detection system 2.2 software (Applied
Biosystems).

Immunoblotting

Cultured cells were lysed in a sodium dodecyl sulfate (SDS) lysis
buffer containing 1% SDS, 20 mM Tris—HCl (pH 7.4), 5 mM EDTA
(pH 8.0), 10 mM NaF, 2 mM NayVO,, 0.5 mM phenylarsine oxide,
and 1 mM phenylmethylsulfony! fluoride. After boiling for 5 min,
lysates were centrifuged at 15,000 rpm for 80 min, and the super-
natants were collected. For equal loading, the protein concentra-
tion of the supernatants was determined with a BCA Protein Assay
Kit (Pierce, IL, USA). As primary antibodies, anti-NR2A (1:500,
Sigma, MO, USA), anti-NR2B (1:500, Sigma, MO, USA), anti-
GIuR1 (1:1000, Chemicon, CA, USA), anti-synapsin | (1:2000,
Chemicon, CA, USA), anti-syntaxin (1:10,000; Sigma, MO, USA),
anti-SNAP25 (1:1000, Synaptic Systems, Gottingen, Germany),
anti-TUJ1 (1:5000, Berkeley antibody company, CA, USA), anti-
phospho-ERK (1:1000, Cell Signaling, MA, USA), anti-ERK (1:
1000, Cell Signaling), anti-TrkB (1:1000, BD Biosciences, CA,
USA), and anti-phospho-Trk antibodies (Stephens et al., 1994,
1:1000, Cell Signaling, MA, USA) were used. The n indicates the
number of experiments performed with separate cultures. The
intensity of the immunoreactivity was quantified by using Lane and
Spot Analyzer software (ATTO Corporation, Tokyo, Japan).

Immunocytochemistry

The cortical neurons were fixed with methanol at —20 °C for 10
min. The cells were permeabilized, and the non-specific binding of
antibodies was blocked with 10% goat serum, 0.2% Triton X-100
in PBS for 30 min at room temperature. As the primary antibody,
anti-MAP 2 (1:1000, Sigma) was applied overnight at 4 °C. Alexa
Fluor 488-conjugated anti-mouse IgG (1:1000, Invitrogen) was
used as a secondary antibody. For the Hoechst staining, nuclei of
cells were stained with 2 mg/m! Hoechst 33342 (Molecular
Probes, Eugene, OR, USA) at 37 °C for 1 h before the number of
condensed and/or fragmentation nuclei were counted (Hetman et
al., 1999).
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MTT assay

To measure the cell viability, the metabolic activity of mitochondria
was estimated by measuring the mitochondrial-dependent conver-
sion of the tetrazolium salt, MTT (Sigma) as described previously
(Numakawa et al., 2007). Seventy two hours DEX incubation was
started at DIV7 before BDNF addition at DIV10. Twenty four hours
later, cultured neurons were incubated with MTT solution. Two
hours later, cultures were lysed and the metabolic activity of the
mitochondrial reductase was determined. To investigate the effect
of intracellular signaling inhibitors, 24 h U0126, LY293002, or
U73122 incubation was started at DIV10. Twenty four hours later,
neurons were incubated with MTT solution for estimating the cell
viability.

Statistical analysis

Data shown in this study are expressed as mean=standard
deviation (SD). Statistical significance was evaluated using Stu-
dent's t-test, or one-way ANOVA followed by Bonferroni's multiple
comparison test performed by GraphPad Prism ver.5 (GraphPad
Software Inc., CA, USA). The probability values less than 5%
were considered significant.

RESULTS

BDNF increased the expression of miR-132 in
cultured cortical neurons

We first investigated the changes of expression of various
miRs after BDNF application in cultured cortical neurons.
Mir-9, -124, -128a, -128b, -132, -134, and -138 are brain-
specific miRs (Lagos-Quintana et al., 2002); on the other
hand, miR-16 is known to be ubiquitously expressed
(Hayes et al., 2008). As shown in Fig. 1A, northern blot
analysis indicates that an increase in the expression of
miR-132 was induced by BDNF application for 24 h in
cortical neurons. In contrast, the levels of the other miRs,
including miR-9, -124, -128a, -128b, -134, -138, and -16
were unchanged. Quantitative analysis was performed
(Fig. 1B). Using the RT-PCR method, we checked the
upregulation of miR-132 after BDNF stimulation for various
durations. A significant increase of miR-132 was observed
after BDNF application for 6-24 h, although acute BDNF
stimulation (10 min, or 1 h) failed to increase the miR-132
(Fig. 1C). In the following experiment, incubation with
BDNF was performed for 24 h. In our cultures, we exam-
ined the changes in the expression of miR-132 during
maturation in vitro (at DIV 3, DIV7, and DIV 10), however,
significant increase in the endogenous miR-132 during in
vitro maturation was not observed (DIV7, 116+2.2; DIV10,
111+3.6, % (per DIV3), n=3).

Many BBNF actions are dependent on the activation of
a specific receptor, TrkB, which is broadly expressed in the
brain. In contrast, the expression of TrkA, a receptor for
NGF (nerve growth factor), is restricted and limited neuro-
nal populations (for instance, cholinergic neurons in the
basal forebrain) exhibit biological responses to NGF (Ha-
tanaka et al., 1988; Fagan et al., 1997). BDNF increased
the expression of miR-132 in a dose-dependent manner
(Fig. 1D). Importantly, NGF had no effect on the miR-132
expression, suggesting that BDNF-stimulated miR-132 up-
regulation is via the activation of TrkB. In cortical neurons,
BDNF induces rapid and transient release of giutamate
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Fig. 1. Expression of miR-132 was increased by brain-derived neu-
rotrophic factor (BDNF) in cultured cortical neurons. (A) Levels of
microRNAs (miRs) including miR-9, -124, -128a, -128b, -132, -134,
-138, and -16 with or without BDNF stimulation in cultured cortical
neurons. The miR-132 was upregulated by BDNF. The remaining
miRs (miR-9, -124, -128a, -128b, -134, -138, and -16) were un-
changed. Representative data obtained from sister cultures are
shown. Samples for Northern blotting were collected from days in vitro
(DIV)11 neurons with or without BDNF (100 ng/ml for 24 h). (B)
Quantitative analysis of (A) Normalization to a non-treated control was
performed. Data represent mean+SD (n=3). ** P<0.01 (t-test). (C)
Upregulation of miR-132 after various durations of BDNF application.
RT-PCR was conducted to examine the increase of miR-132 after
BDNF addition. Data represent mean+SD (n=4). Normalization to a
level in control (0 time) was performed. One-way ANOVA followed by
Bonferroni's multiple comparison test was performed. *** P<0.001,
** P<0.01. (D) Dose-dependent effect of BDNF on the upregulation of
miR-132. BDNF (24 h) was applied at the indicated concentration, As
a negative control, NGF (100 ng/ml) was also applied. RT-PCR anal-
ysis was performed. Data represent mean=S8SD (n=4). One-way
ANOVA foliowed by Bonferroni's multiple comparison test was per-
formed. *** P<0.001. (E) BDNF still increased miR-132 in the pres-
ence of APV (a NMDA receptor inhibitor, 10 M) and CNQX (an AMPA
receptor inhibitor, 10 uM). Northern blotting was performed. Data
represent mean+SD (n=4). One-way ANOVA followed by Bonferroni's
multiple comparison test was performed. *** P<0.001.

(Numakawa et al., 2008), implying that activation of gluta-
mate receptors may be involved in the miR-132 upregula-
tion. Therefore, we confirmed that BDNF still increased
miR-132 in the presence of APV (an N-methyl-D-aspartate
(NMDA) receptor inhibitor) and CNQX (an AMPA receptor
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inhibitor), indicating that BDNF has a direct effect on miR-

132 upregulation, not via activation of glutamate receptors
(Fig. 1E).

DEX pretreatment suppressed BDNF-increased
miR-132 expression

Next, we investigated whether chronic DEX (a synthetic
GR-selective agonist) exposure influences BDNF-increased
miR-132 in cultured cortical neurons. We monitored the
effect of various durations of DEX pretreatment on BDNF-
increased miR-132 using the RT-PCR method. As shown
in Fig. 2A, the upregulation of miR-132 by BDNF was
decreased by the DEX pretreatment for 48 or 72 h. We
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found a trend for decreasing levels of miR-132 after 24 h
DEX pretreatment, although a significant decrease was not
detected. By using northern blot analysis, we confirmed
the suppression of the BDNF-increased miR-132 after 72 h
exposure to DEX (a, b in Fig. 2B). U6 is displayed as a
control.

To check the influence of DEX exposure on neuronal
survival, immunocytochemistry with anti-microtubule-asso-
ciated protein 2 (MAP2, a neuronal cell marker) antibody
was performed, and no change in the number of MAP2-
positive cells was observed (a in Fig. 2C). Consistently,
none of the treatments increased apoptosis, as measured
by Hoechst staining [BDNF, 89+12; DEX, 99+9.7; DEX+

+ + +DEX

— BDNF

+ + —BDNF
+ +DEX

Fig. 2. Pretreatment with dexamethasone (DEX) reduced BDNF-stimulated miR-132 increase. (A) Inhibitory effect of various durations of DEX (1.0
uM) pretreatment on the BDNF-increased miR-132. DEX incubation was performed for the indicated times before BDNF addition (at DIV10, 24 h).
Normalization to control (without DEX and BDNF) was carried out. Data was obtained through RT-PCR and represent mean+SD (n=4). *** P<0.001
vs. none. ¥ P<.0.05 vs. BDNF-increased in without DEX. One-way ANOVA followed by Bonferroni’s multiple comparison test. {B) (a) Northern blotting
indicates an inhibitory effect of DEX on BDNF-increased miR-132. Seventy two hours DEX incubation was started at DIV7 before BDNF addition at
DIV10. Twenty four hours later, samples were collected for Northern blotting. As a contral, the blots were reprobed to detect U6 snRNA. (b) Quantitative
analysis is shown. Data represent mean+SD (n=4). *** P<0.001, ** P<0.01. One-way ANOVA followed by Bonferroni's multiple comparison test was
performed. (C) DEX did not affect neuronal survival. (a) The number of MAP2-positive cells was not altered under any conditions described in (B). (b) Cell
viability was determined with MTT assay. No changes in survival were observed under any conditions. Data represent mean=SD (n=8). The nindicates the

number of wells for each experimental condition on a plate. Bar=50 pM.
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Fig. 3. Activation of the MAPK/ERK1/2 pathway was required for the BDNF-increased miR-132. (A) Effect of the MAPK/ERK1/2 pathway inhibitor,
U0126, on the BDNF-dependent miR-132 increase. U0126 (final 10 uM) was applied 20 min before BDNF addition. BDNF was added at DIV10 for
24 h. Quantitative analysis was performed after Northern blotting. Normalization to a level in non-treated control was performed. Data represent
mean=SD (n=4). *** P<0.001. One-way ANOVA followed by Bonferroni's multiple comparison test. (B) U0126 reduced the miR-132 increase in a
dose-dependent manner. Data represent mean+8D (n=4). *** P<0.001, ** P<0.01. One-way ANOVA followed by Bonferroni's multiple comparison
test. (C) PD98059 (50 uM, a MAPK/ERK1/2 pathway inhibitor) decreased the BDNF-dependent miR-132 increase. Data represent mean=SD (n=4).
*** P<0.001. One-way ANOVA followed by Bonferroni's multiple comparison test. PD: PD98059. (D) LY294002, a phosphatidylinositol 3-kinase (PI3K)
inhibitor, did not block the BDNF-increased miR-132 jevel. LY294002 (1.0 uM) was applied 20 min before BDNF addition. Data represent mean=SD
(n=4). * P<0.05. One-way ANOVA followed by Bonferroni's multiple comparison test. LY: LY2984002. (E) U73122 (1.0 uM), a phospholipase C-y
(PLC-vy) pathway inhibitor, had no effect on the BDNF-increased miR-132. U73122 was applied 20 min before BDNF addition. Data represent
mean=S8D (n=4). *** P<0.001. One-way ANOVA followed by Bonferroni's muiltiple comparison test. U73: U73122. (F) Cell viability after 24 h
incubation with the U0126 (final 10 uM), U73122 (1.0 uM), or LY294002 (1.0 uM) was not changed. MTT assay. Data represent mean=SD (n=6).
The n indicates the number of wells for each experimental condition on a plate. U01: U0126.

BDNF, 9812, % (per control), scoring nuclear condensa-
tion and/or fragmentation per field, n=5]. Furthermore, an
MTT assay to estimate cell survival was conducted and no
change in the cell viability was detected after DEX and/or
BDNF application in our cultures (b in Fig. 2C). These
results suggest that the inhibitory effect of DEX on the
BDNF-increased miR-132 is not due to a decline in the cell
viability.

MAPK/ERK1/2 pathway was important for
BDNF-increased miR-132

BDNF exerts its biological effects through activating intra-
celiular signaling, including MAPK/ERK1/2, phosphatidyl-
inositol 3-kinase (PI3K), and PLC-y pathways, after the
activation of TrkB. To identify essential signaling for the
BDNF-dependent miR-132 increase, the effect of each

pathway inhibitor was examined. We found that the BDNF-
dependent miR-132 increase was reduced by the ERK1/2
pathway inhibitor, U0128, by northern blot analysis (Fig.
3A). The dose-dependency of U0126 on the decrease in
the miR-132 expression was confirmed (Fig. 3B). PD98059,
a distinct inhibitor of the ERK1/2 pathway, also decreased
the BDNF-dependent miR-132 increase (Fig. 3C). The
contribution of the other pathways activated by TrkB, i.e.,
the PI3K and PLC-y pathways, were also examined. As
illustrated, BDNF still increased the miR-132 level in the
presence of LY294002, a PI3K inhibitor (Fig. 3D). U73122,
a PLC-y pathway inhibitor, did not inhibit BDNF-increased
miR-132 expression (Fig. 3E). As shown in Fig. 3F, the
viability of the cultured cells after a 24 h incubation with the
u0126, U73122, or LY294002 was not changed. These
results suggest that activation of the ERK1/2 is necessary,



