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.C.V. ADMINISTRATION OF OREXIN-A INDUCES AN ANTIDEPRESSIVE-

IKE EFFECT THROUGH HIPPOCAMPAL CELL PROLIFERATION
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bstract—A decrease in orexin-A (OX-A) levels has been
eported to be associated with depression. It is also well
nown that stress and depression can disrupt neurogenesis

n the dentate gyrus of the hippocampus; however, it is un-
lear how OX-A is involved in depression and/or neurogen-
sis. In the present study, we investigated the effect of i.c.v.
dministration of OX-A on the forced swimming test (FST), an
ccepted behavioral screen of antidepressant-like activity,
nd on the cell proliferation with bromodeoxyuridine (BrdU)

n the dentate gyrus at 4 days after i.c.v. administration of
X-A. OX-A administration (140 pmol/mouse) led to a signif-

cant reduction in animal immobility in the FST, without af-
ecting spontaneous locomotor activities or serum cortico-
terone levels. In addition, the number of BrdU-positive cells

n the dentate gyrus was significantly increased in OX-A-
reated mice in vivo; however, OX-A did not affect the per-
entage of doublecortin-positive cells in the dentate gyrus.
he proliferation of neural progenitor cells derived from rat
etal brain was not affected by OX-A treatment in vitro, and
he orexin receptor 1 (OXR1) protein was not expressed in
hese cells. Treatment with the OXR1 antagonist SB-334867
30 mg/kg, i.p.) blocked both the OX-A-induced decrease in
he immobility of FST and increase in BrdU-positive. More-
ver, the OX-A-induced increase in neuropeptide Y (NPY)–
ositive cells in the hilus of the dentate gyrus was blocked by
B-334867. These results suggest that OX-A induces an an-

idepressive-like effect, at least in part, via the enhancement
f cell proliferation in the dentate gyrus. These effects of
X-A also may be partly relevant to the regulation of the NPY

Correspondence to: T. Hanawa, Department of Clinical Research, Ori-
ntal Medicine Research Center, Kitasato University, 5-9-1 Shirokane,
inato-ku, Tokyo 108-8642, Japan. Tel: �81-3-3444-6161; fax: �81-

-3448-1438.
-mail address: hanawa-t@kitasato.or.jp (T. Hanawa).
bbreviations: ACTH, adrenocorticotropic hormone; ANOVA, analysis
f variance; BrdU, bromodeoxyuridine; DAB, diaminobenzidine; DCX,
oublecortin; DMEM, Dulbecco’s modified Eagle’s medium; EGF, epi-
ermal growth factor; FST, forced swimming test; GCL, granule cell

ayer; HPA, hypothalamic–pituitary–adrenal; LHA, lateral hypotha-
amic area; NPCs, neural progenitor cells; NPY, neuropeptide Y; OFT,
pen field test; OX-A, orexin-A; OX-B, orexin-B; OXR1, orexin
eceptor 1; OXR2, orexin receptor 2; PBS, phosphate-buffered saline;
BS-T, phosphate-buffered saline containing 0.3% Triton X-100;
VDF, polyvinylidene difluoride; PVN, paraventricular nucleus; RT,
a
oom temperature; SGZ, subgranular zone; SSC, saline sodium ci-
rate; TBS, Tris-buffered saline.
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ystem in the hilus of the dentate gyrus. © 2008 IBRO. Pub-
ished by Elsevier Ltd. All rights reserved.

ey words: orexin-A, antidepressive-like effect, forced swim-
ing test, cell proliferation, SB-334867, neuropeptide Y.

rexin-A and -B (OX-A and OX-B, also known as hypo-
retin-1 and -2) were first identified as novel peptide li-
ands for two orphan G protein–coupled receptors. These
europeptides are derived from a common precursor pep-
ide (prepro-orexin) by posttranslational proteolytic cleav-
ge (Sakurai et al., 1998). OX-A has a molecular weight of
562 Da and is composed of 33 amino acid residues with
wo sets of intrachain disulfide bonds, whereas OX-B has

molecular weight of 2937 Da and comprises 28 amino
cid residues. The amino acid sequence of OX-A is com-
letely conserved between mouse, rat, and human, and
hat of OX-B is completely conserved between mouse and
at. Two subtypes of orexin receptor, termed orexin recep-
or-1 (OXR1) and orexin receptor 2 (OXR2), also have
een identified in mammals. OXR1 has an affinity for OX-A
hat is almost 50 times greater than its affinity for OX-B,
hile OXR2 has comparable affinities for OX-A and OX-B.

Orexin-producing neurons are specifically localized in
he lateral hypothalamic area (LHA) and in the posterior
ypothalamus (Peyron et al., 1998; Nambu et al., 1999).
xcept for the cerebellum, these neurons project through-
ut most of the CNS, including the cerebral cortex, olfac-
ory bulb, hippocampus, amygdala, septum, hypothala-
us, midbrain, brain stem, and spinal cord (Peyron et al.,
998; Nambu et al., 1999). Through widespread distribu-
ion of orexinergic projections, OX-A efferently modulates
he neural activity of several neurotransmitters, such as
-HT (Brown et al., 2001; Liu et al., 2002), noradrenaline
Horvath et al., 1999), and histamine (Eriksson et al., 2001;
amanaka et al., 2002). Conversely, orexin-producing
eurons are afferently regulated by various neurotransmit-
ers, such as 5-HT, noradrenaline, acetylcholine, GABA,
orticotropin-releasing hormone, glutamate, ghrelin, and

eptin (Li et al., 2002; Eggermann et al., 2003; Yamanaka
t al., 2003a,b; Acuna-Goycolea et al., 2004; Muraki et al.,
004; Winsky-Sommerer et al., 2004). The following find-

ngs imply that orexin peptides may play an important role
n various physiological functions, including the control of
ood intake (Sakurai et al., 1998), drinking behavior (Kunii
t al., 1999), nociception (Bingham et al., 2001), sleep
akefulness (Piper et al., 2000; Thakkar et al., 2001),
euroendocrine homeostasis (Hagan et al., 1999; Jasz-
erenyi et al., 2000), and autonomic regulation (Peyron et

l., 1998; Date et al., 1999). Moreover, OX-A improves the

mailto:hanawa-t@kitasato.or.jp
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onsolidation of the learning and retrieval processes in rats
Telegdy and Adamik, 2002), and the blockade of OXR1
mpairs the acquisition and consolidation of spatial mem-
ry in rats (Akbari et al., 2006). In the hippocampus, OX-A
nd OX-B regulate synaptic plasticity (Selbach et al.,
004). From a neurological point of view, the loss of the
rexinergic system is an important factor in narcolepsy and

n Parkinson’s and Huntington’s diseases (Chemelli et al.,
999; Petersen et al., 2005; Thannickal et al., 2007).
hese findings indicate that the orexinergic system may be
ssociated not only with the maintenance of homeostasis,
ut also with neuropsychological function and various neu-
odegenerative diseases.

A decrease in the number and size of OX-A-producing
eurons in the LHA is observed in male Wistar-Kyoto rats,
hich exhibit a hyper-responsiveness of the hypothala-
ic–pituitary–adrenal (HPA) axis, a characteristic of depres-

ion (Allard et al., 2004). Suicidal patients with major de-
ression exhibit significantly lower OX-A levels in the ce-
ebrospinal fluid when compared with patients suffering
rom adjustment disorder and dysthymia (Brundin et al.,
007a). In addition, low levels of OX-A in the cerebrospinal
uid are related to pronounced symptoms of inertia and
assitude in suicide attempters (Brundin et al., 2007b).
everal lines of evidence in these studies thus suggest

hat dysfunction of orexinergic neurons may be involved in
he pathology of depression.

Stimulation of OX-A through OXR1 induces the prolif-
ration of rat adrenocortical cells in vitro (Spinazzi et al.,
005). It has been reported that dietary restriction amelio-
ates depressive symptoms in humans (Demet et al.,
999), and that dietary restriction, during which the expres-
ion of OX-A in the LHA is upregulated (Sakurai et al., 1998),
nhances neurotrophin expression and neurogenesis in the
ippocampus (Lee et al., 2002; Kitamura et al., 2006). In turn,
isruption of neurogenesis in the dentate gyrus of the hip-
ocampus plays an important role in the mechanism by
hich stress facilitates depression (Tanapat et al., 1998;
uman et al., 1999). Chronic antidepressant treatment in-
reases neurogenesis in the hippocampus (Malberg et al.,
000), and hippocampal neurogenesis requires the behav-

oral recovery effects of antidepressants (Santarelli et al.,
003). Although a plethora of studies have reported that
egulation of neurogenesis in the dentate gyrus is associated
ith both the pathology of depression and the therapeutic
ction of antidepressants, the involvement of OX-A in depres-
ion and/or neurogenesis remains unclear.

To assess the involvement of OX-A in depression, in the
resent study we investigated the behavioral effect of i.c.v.
dministration of OX-A by the forced swimming test (FST), a
ell-accepted behavioral screen for antidepressant-like ac-

ivity of specific compounds (Porsolt et al., 1977). To evaluate
potential role of OX-A in the neurogenesis process, we also
erformed in vitro and in vivo studies to examine the effect of
X-A on cell proliferation. Finally, we assessed the effects of
selective OXR1 antagonist on the OX-A-induced antide-
ressive-like effect and cell proliferation.
i
r

EXPERIMENTAL PROCEDURES

nimals

dult (7-week-old) male ddY mice (Japan SLC, Hamamatsu, Ja-
an) weighing 35–40 g were used in all experiments (n�231).
ice were housed individually under conditions of constant tem-
erature (23�2 °C) and humidity (55�10%) with food and water
vailable ad libitum, unless otherwise specified, and a 12-h light/
ark cycle (light at 08:00 h and dark at 20:00 h). All animal
xperiments were performed according to the Guidelines for Care
nd Use of Laboratory Animals at the Kitasato Institute and Kita-
ato University, and conformed to the US National Institutes of
ealth guidelines on the ethical use of animals. Every effort was
ade to minimize the number of animals used and their suffering.

rugs

X-A (Bachem, King of Prussia, PA, USA) was dissolved in saline.
romodeoxyuridine (BrdU) (Roche Diagnostics, Indianapolis, IN,
SA) was dissolved in saline with 0.007 N NaOH. SB-334867 (Tocris
ioscience, Ellisville, MO, USA), a selective OXR1 antagonist, was
issolved in saline with 10% (w/v) hydroxypropyl-�-cyclodextrin
Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) containing 1%
v/v) dimethyl sulfoxide (Sigma, St. Louis, MO, USA).

dministration of OX-A, SB-334867, and BrdU

.c.v. administration of OX-A was performed using a stereotaxic
pparatus (Narishige, Tokyo, Japan) under anesthesia with Nem-
utal (sodium pentobarbital, 40 mg/kg, i.p.) (Dainippon Sumitomo
harma, Osaka, Japan) (Fig. 1). OX-A solution (14 or 140 pmol/
�l/mouse, i.c.v.) was administered over a period of 1 min using
10 �l syringe (Hamilton, Bonaduz, Switzerland) via a stainless

teel needle placed into the right lateral ventricle (0.3 mm poste-

ig. 1. Schematic representation of experimental schedules for
ouse behavioral studies (A, D) and immunohistochemical analyses

B, C, E) after i.c.v. administration of OX-A. (A) Behavioral effects of
X-A on the FST or the OFT. (B) Effect of OX-A on serum corticoste-

one levels and cell proliferation in the dentate gyrus of the hippocam-
us. (C) Effect of OX-A on the differentiation of NPCs in the dentate
yrus. (D) Inhibitory effect of SB-334867 on OX-A-induced behavioral
ctivities (FST and OFT). (E) Inhibitory effect of SB-334867 on OX-A-
nduced cell proliferation and NPY expression. Detailed explanations
epresent experimental procedures. FS, forced swimming; OF, open field.
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ior to bregma, 0.9 mm lateral from midline, and 2.3 mm ventral to
he cortical surface) (Suzuki et al., 2005). The choice of dosage of
X-A was based on previous studies addressing physiological

esponses to this molecule (Jaszberenyi et al., 2000; Thorpe et al.,
005). Control mice were injected with saline (2 �l). The needle
as held in position for an additional 3 min after injection to ensure
omplete diffusion of the drug and prevent backflow. Correct
lacement of the injection needle was verified by blue ink injection.

Administration of SB-334867 (30 mg/kg, i.p.) was performed
h before and 24 h after i.c.v. administration of OX-A (Fig. 1D and E).
he dose of SB-334867 was selected based on the previously
bserved behavioral effects of SB-334867 in rats (Rodgers et al.,
001; Ishii et al., 2004). SB-334867 reaches peak plasma and
rain concentrations at 30 min after administration, at which point

t significantly suppresses food intake and accelerates behavioral
atiety. SB-334867 has a terminal elimination half-life of approx-
mately 4 h; however, the effects disappeared 48 h after adminis-
ration of SB-334867 (Ishii et al., 2005). Therefore, SB-334867
as administered twice to achieve complete blocking of the bind-

ng of OX-A to OXR1.
BrdU (100 mg/kg, i.p.), a thymidine analog that labels dividing

ells in the S-phase of the cell cycle (Takahashi et al., 1992), was
dministered twice: 24 and 3 h prior to brain fixation (Fig. 1B and E).
rdU (200 mg/kg, i.p.) was also administered once after i.c.v.
dministration of OX-A (Fig. 1C).

ST

he FST was performed, with some modification, following previ-
usly described procedures (Porsolt et al., 1977) (Fig. 1A and D).
riefly, 3 days before i.c.v. administration of OX-A, mice were
laced individually into 5 l beakers (height 27 cm, diameter 18 cm)
lled with 4 l of water (23�1 °C) for 15 min. Animals were then
emoved from the water and allowed to dry before being returned
o their home cages. Individual immobility times during the first 5
in of the first swim were used to assign animals to the test
roups so that mean immobility times were similar in all groups.
his procedure reduces the initial variability among groups. A
ouse was considered to be immobile when it ceased struggling
nd remained floating motionless, making only those movements
ecessary to keep its head above water. After a 4-day recovery
eriod post-i.c.v. administration of OX-A, the mice were again
laced into the 5 l beakers containing 4 l of water, and the total
uration of immobility during the 5 min FST was measured (Fig.
A and D). This behavioral experiment was carried out between
3:00 h and 16:00 h.

pen field test (OFT)

he spontaneous locomotor activity of mice was measured using
FT. Briefly, 3 days before i.c.v. administration of OX-A, mice
ere placed individually in the opaque open field box

40�40�40 cm) and were allowed to move freely for 15 min.
ndividual total distance and duration of movement during the first

min using a video tracking system (EthoVision; Noldus,
ageningen, Netherlands) were used to assign animals to the

est groups so that mean distance and duration of movement were
imilar in all groups. This procedure reduces the initial variability
mong groups. After a 4-day recovery period post-i.c.v. adminis-

ration of OX-A, the mice were again placed in the open field box,
nd the total distance and duration of movement were measured
uring the 5 min of the test (Fig. 1A). For the study of the antag-
nizing effect of SB-334867, the total distance and duration of
ovement in the OFT were measured on the third day after i.c.v.
dministration of OX-A (Fig. 1D). This behavioral experiment was

arried out between 13:00 h and 16:00 h. i
easurement of serum corticosterone

lood samples were collected from the iliofemoral artery under
ight anesthesia, immediately before perfusion of animals with 4%
araformaldehyde solution (Fig. 1B). Samples were centrifuged at
°C and sera were stored at �80 °C, until corticosterone level

ssays were performed.
Serum corticosterone was measured using the non-radioac-

ive immunoassay AssayMax Corticosterone ELISA Kit (Assay-
ro, St. Charles, MO, USA), according to the manufacturer’s

nstructions. The sensitivity of the measurement was 26.99 pg/ml.
he intra- and inter-assay coefficients of variations were 8% and
3%, respectively.

rain fixation and tissue storage

ice were anesthetized with ether and perfused transcardially
ith cold phosphate-buffered saline (PBS), followed by cold 4%
araformaldehyde solution. Brains were collected and postfixed in
% paraformaldehyde solution at 4 °C overnight (Fig. 1B, C, and
). Serial coronal sections (50 �m thickness) were obtained

hroughout the hippocampus (bregma �1.2 mm to �2.5 mm)
sing a vibratome (Technical Products International Inc., St.
ouis, MO, USA), and sections were stored in PBS/NaN3 at 4 °C
ntil needed for subsequent experiments.

mmunohistochemistry

or OXR1 immunohistochemistry, free-floating sections were in-
ubated in antigen-activated solution (pH 9.0) (Nichirei, Tokyo,
apan) for 3 min at 100 °C, followed by incubation in 3% H2O2/
0% methanol for 40 min at room temperature (RT) to remove the
ndogenous peroxidase. After washing in PBS, sections were
locked for 2 h with 1% bovine serum albumin (BSA) in phos-
hate-buffered saline containing 0.3% Triton X-100 (PBS-T), and
hen incubated for 10 days at 4 °C with goat anti-OXR1 antibody
1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA). The
ections were subsequently rinsed in PBS-T, incubated for 2 h at
T with biotinylated donkey anti-goat IgG (1:200; Santa Cruz
iotechnology), and incubated for 2 h at RT with avidin–biotin
omplex using the ABC kit (Vector Laboratories, Burlingame, CA,
SA). OXR1-positive cells were visualized by incubating sections
ith diaminobenzidine (DAB) solution (Vector DAB, Vector Labo-

atories) as the chromogen, which results in a brown reaction
roduct. Sections were mounted on silane-coated slides and
ried, and then counterstained with 0.05% Toluidine Blue (Sigma),
ehydrated, and coverslipped using Permount (Fisher Scientific
nternational Inc., Fair Lawn, NJ, USA).

For BrdU immunohistochemistry, free-floating sections were
ncubated in 50% formamide/2� saline sodium citrate (SSC) for

h at 65 °C, followed by a rinse in 2� SSC. Sections were then
ncubated in 2 N HCl for 30 min at 37 °C to denature double-
tranded DNA, rinsed in 0.1 M borate buffer (pH 8.5). After block-
ng for 2 h with 1% BSA in PBS-T, sections were incubated
vernight at 4 °C with mouse anti-BrdU IgG (1:1000; Chemicon,
emecula, CA, USA). After rinsing in PBS-T, sections were incu-
ated for 2 h at RT with biotinylated horse anti-mouse IgG (1:200;
ector Laboratories), and incubated for 2 h at RT with the ABC kit.
rdU-positive cells were visualized by incubating sections with
ector DAB. As mentioned above, sections were mounted and
overslipped.

Double immunohistochemistry of doublecortin (DCX), a
arker of immature neurons, and BrdU, were performed using a

wo-step staining processes (Rao and Shetty, 2004). Sections
ere first processed for DCX immunohistochemistry using the
ector SG (Vector Laboratories) as the chromogen, which yields
gray reaction product, before performing BrdU immunohisto-

hemistry using Vector DAB. Briefly, free-floating sections were

ncubated in 3% H2O2/80% methanol for 40 min at RT. After
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ashing in PBS, sections were blocked for 2 h with 1% BSA in
BS-T and incubated overnight at 4 °C with goat anti-DCX anti-
ody (1:500; Santa Cruz Biotechnology). The sections were then
insed in PBS-T, incubated for 2 h at RT with biotinylated donkey
nti-goat IgG (1:200; Santa Cruz Biotechnology), and incubated

or 2 h at RT with the ABC kit. DCX-positive cells were visualized
y incubating sections with Vector SG solution. Sections were

hen incubated in 3% H2O2/80% methanol for 40 min at RT to
liminate the peroxidase activity present after the first DCX immu-
ohistochemistry step. Next, BrdU immunohistochemistry was
erformed according to the method described above. As men-
ioned above, sections were mounted and coverslipped.

For neuropeptide Y (NPY) immunohistochemistry, free-float-
ng sections were incubated in 3% H2O2/80% methanol for 40 min
t RT. After washing in PBS, sections were blocked for 2 h with
% BSA in PBS-T and incubated for 24 h at 4 °C with rabbit
nti-NPY antibody (1:4000; GeneTex, San Antonio, TX, USA).
ections were then rinsed in PBS-T, incubated for 2 h at RT with
iotinylated goat anti-rabbit IgG (1:200; Vector Laboratories), and

ncubated for 2 h at RT with the ABC kit. NPY-positive cells were
isualized by incubating sections with Vector DAB solution. As
entioned above, sections were mounted and coverslipped.

All counts of BrdU-labeled cells, BrdU-labeled cells co-ex-
ressing DCX (BrdU/DCX double-positive cells) or NPY-positive
ells were performed on every third section throughout the hip-
ocampus (bregma �1.2 mm to �2.5 mm) at 400� and 1000�
agnification under a light microscope (Olympus BX-41, Tokyo,

apan) to avoid over-counting the same cells. The number of
rdU-labeled cells in the dentate gyrus, or NPY-positive cells in

he hilus or the subgranular zone (SGZ) of the dentate gyrus of
ach mouse was defined as total cell counts in six or four sections,
espectively. The percentage of BrdU/DCX double-positive cells in
he dentate gyrus of each mouse was calculated from total cell
ounts in six sections. All immunohistochemical procedures in-
luded negative controls lacking primary antibodies. No staining
as detected in the controls.

reparation of neural progenitor cells (NPCs) and
ell proliferation assay

PCs were isolated from fetal rat brain and prepared using the
eurosphere method. Briefly, Wistar rat embryos (Japan SLC)
ere collected on embryonic day 14 and tissues of the striatum

egion were dissected from the embryonic brain under a stereo-
copic microscope. The tissues were dissociated and suspended
n papain dissociation system (Worthington Biochemical Corpora-
ion, Lakewood, NJ, USA), according to the manufacturer’s in-
tructions. After filtration of the cell suspension through a Cell
trainer (40 �m) (BD Biosciences, Bedford, MA, USA) to remove

issue debris, cells (�2�105 cells/ml) were incubated for 7 days
nder humidified 5% CO2 conditions at 37 °C in a non-coated
0 cm dish (Iwaki, Tokyo, Japan) with Dulbecco’s modified Ea-
le’s medium (DMEM) (Sigma) containing 1% (v/v) N-2 Supple-
ent (Invitrogen, Carlsbad, CA, USA), recombinant murine epi-
ermal growth factor (EGF) (20 ng/ml) (PeproTech, London, UK),
ecombinant human fibroblast growth factor-basic (20 ng/ml)
PeproTech), heparin (2 �g/ml) (IBL, Minneapolis, MN, USA), and
% (v/v) penicillin/streptomycin (Invitrogen). After 7 days of incu-
ation, neurospheres were collected into a 50 ml tube and resus-
ended by thorough pipetting. A single cell suspension was pel-

eted by gentle centrifugation (120�g) for 5 min at 4 °C and
esuspended. The NPCs were harvested and transferred into
.01% poly-L-lysine (Sigma)-coated 96-well plates (1.0�104/well).
X-A was added to the cells at a final concentration of 0.1, 1.0, 20,
r 100 ng/ml (equivalent to 0.28, 2.8, 5.6, or 28 nM, respectively).
GF (10 ng/ml) was added as a positive control. After incubation

or 3 days under humidified 5% CO2 conditions at 37 °C, super-
atant was removed. Cells were then incubated for 2 h under

umidified 5% CO2 conditions at 37 °C in DMEM containing 10% (
v/v) Alamar Blue (Biosource, Carnarillo, CA, USA). Cell proliferation
as subsequently measured by fluoroscopy (fluoroscan, Lab-
ystems, Chicago, IL, USA) (excitation, 544 nm; emission, 590 nm).

estern blot analysis

PCs (3.0�107 cells) prepared as described above were homog-
nized in lysis buffer (CelLyticTM MT, Sigma) containing 1% (v/v)
rotein inhibitor cocktail (Sigma) according to the manufacturer’s

nstructions. The protein content in the lysate was determined
sing the BCA protein assay kit (Pierce, Rockford, IL, USA). Total
rotein lysate (20 �g), and adult mouse brain extract (Santa Cruz
iotechnology) as a positive control were separated by 10% SDS-
AGE, and then transferred to polyvinylidene difluoride (PVDF)
embranes using the iBlotTM Gel Transfer System (Invitrogen).
he membranes were incubated in blocking buffer containing
ris-buffered saline (TBS) (20 mM Tris–HCl, pH 7.5; 100 mM
aCl), 1% BSA, and 0.1% Tween 20 (Sigma) for 2 h at RT, and

ncubated with goat anti-OXR1 antibody (1:1000) or mouse anti-
-actin antibody (1:20,000; Sigma) for 1–2 h at RT. After washing
ith TBS containing 0.1% Tween 20, the membranes were incu-
ated with peroxidase-conjugated anti-goat IgG (1:20,000; Sigma)
r peroxidase-conjugated anti-mouse IgG (1:10,000; Cell Signal-

ng Technology, Tokyo, Japan) for 1 h at RT. Immunoreactive
ands were visualized by chemiluminescence using the enhanced
hemiluminescence detection system (GE Healthcare, Tokyo,
apan).

tatistical analysis

esults are presented as mean�standard error of mean (S.E.M.).
or calculations including two groups per experiment, statistical
nalysis was performed by unpaired t-test. For calculations using
hree or more groups per experiment, statistical analysis was
erformed by one-way analysis of variance (ANOVA) followed by
unnett’s or Tukey’s test, using the StatView 5.0 software (SAS

nstitute, Cary, NC, USA). Differences were considered significant
t P�0.05.

RESULTS

.c.v. administration of OX-A reduced the duration of
mmobility in the FST without affecting spontaneous
ocomotor activities and serum corticosterone levels

he duration of immobility in the FST and the spontaneous
ocomotor activity of mice in the OFT, which were per-
ormed in separate experiments, were measured 4 days
fter i.c.v. administration of OX-A. In the FST paradigm,
X-A (140 pmol) significantly reduced the immobility

115.5�13.9 s) when compared with saline-injected con-
rol mice (175.1�15.5 s) (Fig. 2A; one-way ANOVA,
�3.721, P�0.0356; post hoc test, P�0.05). Further-
ore, OX-A (14 and 140 pmol) reduced the duration of

mmobility in a dose-dependent manner (127.8�18.2 and
15.5�13.9 s, respectively). In contrast, OX-A (14 and 140
mol) did not affect the total distance (2667.7�148.4 and
580.4�129.5 cm, respectively) and the duration of move-
ent (261.1�6.8 and 265.2�8.0 s, respectively) in the
FT paradigm, when compared with saline-injected control
ice (2475.7�158.7 cm and 255.2�5.9 s, Fig. 2B and C).
erum corticosterone levels were not affected in animals

njected with OX-A (14 and 140 pmol resulted in cortico-
terone levels of 49.7�11.6 and 53.4�8.2 ng/ml, respec-
ively), when compared with saline-injected control mice

42.9�6.9 ng/ml, Fig. 2D).
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XR1 protein distribution in the hippocampus

sing immunohistochemistry, we then examined the dis-
ribution of OXR1 expression in selected regions of the
ouse brain, such as the granule cell layer (GCL), SGZ,

he hilus, and the CA1-3 area of the hippocampus which
re associated with neurogenesis. OXR1 immunoreactivity
as found on the surface of neurons in the GCL and CA1-3
reas, as well as in interneuron-like cells in the hilus (Fig.
A–D). In contrast, OXR1 immunoreactivity was not found

n cells of the SGZ (Fig. 3A).

.c.v. administration of OX-A increased the number of
rdU-positive cells in the dentate gyrus

sing brain slices prepared from mice killed 4 days after
.c.v. administration of OX-A, we assessed the number of
rdU-labeled cells using immunohistochemistry. OX-A

140 pmol) significantly increased the number of BrdU-
ositive cells (460�21), compared with saline-injected
ontrol mice (318�16) (Fig. 4A; one-way ANOVA,
�7.388, P�0.0035; post hoc test, P�0.05). In addition,
X-A (14 and 140 pmol) tended to increase the number of
rdU-positive cells in the dentate gyrus in a dose-depen-
ent manner (380�39 and 460�21, respectively).

.c.v. administration of OX-A did not affect the
ifferentiation of newborn cells

e subsequently investigated whether OX-A controlled
he differentiation of newborn cells in the hippocampus.

e used double immunohistochemistry of BrdU and DCX
o quantify the number of DCX-positive cells among the
rdU-positive cells in the SGZ of the dentate gyrus. BrdU
xpression was visualized as a brown color in the nucleus
nd DCX expression was detected as a blue color in the
oma and dendrites (Fig. 4B). Among the newborn cells of
he dentate gyrus of the saline- or OX-A-injected mice,
1.8 or 62.1%, respectively, differentiated into immature
eurons 14 days after BrdU injection.

X-A treatment did not affect the cell proliferation
n vitro

o investigate whether OX-A is capable of regulating cell
roliferation in vitro, we treated NPCs derived from fetal rat
rain with EGF (10 ng/ml), used as a positive control or
ith OX-A (0.1, 1.0, 20, or 100 ng/ml). The former signifi-
antly increased cell proliferation (one-way ANOVA,
�28.890, P�0.0001; post hoc test, P�0.05), whereas
X-A treatment did not affect this parameter, when com-
ared with the control (Fig. 4C).

XR1 is not expressed in proliferating NPCs

e next examined whether OXR1 protein was expressed
n the NPCs, using Western blot analysis. OXR1 protein
as detected in the adult mouse brain extract, used as a
ositive control, but not in the NPCs derived from fetal rat
ig. 2. I.c.v. administration of OX-A reduced the duration of immobility
n the FST. (A) The duration of immobility was measured during a 5

in FST conducted 4 days after i.c.v. administration of OX-A (14 and
40 pmol). (B, C) The total distance and duration of movement were
easured during a 5 min OFT conducted 4 days after i.c.v. adminis-

ration of OX-A. (D) Serum corticosterone levels were measured using
corticosterone ELISA kit. Each column represents the mean�S.E.M.
he number in each column represents the number of mice per group.
rain (Fig. 4D).
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reatment with a selective OXR1 antagonist inhibited
he OX-A-induced antidepressive-like effect

o establish the role of OXR1 in the OX-A-induced anti-
epressive-like effect described above, we treated mice
ith a selective OXR1 antagonist, SB-334867. The antag-
nist alone did not affect the duration of immobility in the
ST (199�12.1 s), when compared with saline-injected
ontrol mice (212.5�12.8 s). As mentioned above, OX-A
140 pmol) significantly reduced the duration of immobility
n the FST (121.4�13.3 s), when compared with saline-
reated control mice (Fig. 5A; one-way ANOVA, F�8.092,
�0.0001; post hoc test, P�0.01), but treatment with SB-
34867 potently inhibited the OX-A-induced decrease in

mmobility (193.8�18.4 s) (one-way ANOVA, F�8.092,
�0.0001; post hoc test, P�0.01). In the OFT paradigm,

he total distance (2433.6�192.1 cm) and the duration of
ovement (264.7�5.0 s) were not affected in animals

reated with SB-334867 alone, when compared with sa-
ine-pretreated control mice (2016.7�147.5 cm and
31.6�13.8 s, respectively, Fig. 5B and C). In addition,
reatment of SB-334867 in conjunction with OX-A did not
ffect the total distance (2212.1�99.9 cm) or the duration
f movement (247.2�6.2 s), when compared with OX-A-

njected mice (2485.3�167.1 cm and 256.7�8.2 s, respec-
ively).

reatment with SB-334867 prevented the
X-A-induced increase in BrdU-positive cells

n the dentate gyrus

e next investigated whether the OX-A-induced increase
n BrdU-positive cells was prevented by treatment with
B-334867. SB-334867 alone did not affect the number of

ig. 3. Distribution of OXR1 protein expression in the mouse hippocam
nd the CA1-3 regions (B–D). Note that OXR1-positive signal was se
arrowhead) in the H, but not in the SGZ. H, hilus. Scale bar�50 �m
rdU-positive cells (302�16), when compared with saline- p
retreated control mice (289�26, Fig. 6). In contrast, treat-
ent with SB-334867 significantly inhibited the OX-A-in-
uced increase in BrdU-positive cells (362�17), when
ompared with animals treated with OX-A alone (470�33)
one-way ANOVA, F�11.929, P�0.0001; post hoc test,
�0.05).

reatment with SB-334867 prevented the
X-A-induced increase in NPY-positive cells

n the dentate gyrus

o determine the regulatory effect of OX-A on the expres-
ion of NPY in the dentate gyrus, we measured the number
f NPY-positive cells in the dentate gyrus. Most NPY-
ositive cells were found in the hilus and SGZ of the
entate gyrus (Fig. 7A). In the hilus of the dentate gyrus,
X-A (140 pmol) significantly increased the number of
PY-positive cells (156�12), when compared with saline-

njected control mice (103�6) (Fig. 7A and B; one-way
NOVA, F�8.722, P�0.0008; post hoc test, P�0.01).
urthermore, treatment with SB-334867 significantly inhib-

ted the OX-A-induced increase in NPY-positive cells
106�3) (one-way ANOVA, F�8.722, P�0.0008; post hoc
est, P�0.01), whereas injection of SB-334867 alone did
ot affect the number of NPY-positive cells (104�12),
hen compared with saline-injected control mice. In con-

rast, in the SGZ region neither OX-A nor SB-334867
reatment affected the number of NPY-positive cells
143�10 and 129�12, respectively), when compared with
aline-injected control mice (110�5, Fig. 7C). In the para-
entricular nucleus (PVN) of the hypothalamus, the distri-
ution of axons of NPY-positive neurons was not affected

n either OX-A or SB-334867-treated mice, when com-

tomicrographs represent OXR1-positive cells in the dentate gyrus (A)
surface of neurons in the GCL, CA1-3 regions, and of interneurons
r photomicrographs).
pus. Pho
ared with saline-injected control mice (Fig. 7D).
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DISCUSSION
he goal of the present study was to clarify the association
f OX-A with depression and neurogenesis. Our results
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ike activity and the increase in cell proliferation in the
entate gyrus observed here may be mediated by regula-

ion of the expression of NPY.
In the present study, i.c.v. administration of OX-A re-

uced the duration of immobility in the FST without affect-
ng spontaneous locomotor activities, resulting in an anti-
epressive-like activity at 4 days after i.c.v. administration
f OX-A. Moreover, the antidepressive-like activity was
bolished by treatment with SB-334867, an OXR1 antag-
nist. Therefore, these results indicate that OX-A may, at

east in part, contribute to the amelioration of depression-

ig. 5. Treatment with SB-334867 blocked OX-A-induced reduction of
mmobility in the FST. SB-334867 (30 mg/kg, i.p.) was administered at

h before and 24 h after i.c.v. administration of OX-A (140 pmol).
A) The duration of immobility was measured during a 5 min FST at 4
ays after i.c.v. administration of OX-A. (B, C) The total distance and
uration of movement were measured during a 5 min OFT at 4 days
fter i.c.v. administration of OX-A. Each column represents the
ean�S.E.M. The number in each column represents the number of
ice per group. * P�0.01 and # P�0.01 vs. saline-injected controls
nd OX-A-injected mice, respectively, with Tukey’s test.
ike behaviors in mice, via OXR1.
v
w

The Wistar-Kyoto rat model, which is representative of
epression (Dugovic et al., 2000), has been reported to
isplay a decrease in the number and size of OX-A-posi-
ive cells in the LHA (Allard et al., 2004). Accordingly,
eprivation of rapid eye-movement sleep, which amelio-
ates depressive symptoms in human (Demet et al., 1999),
esults in an increase in the number and/or size of OX-A-
ositive cells in Wistar-Kyoto rats (Allard et al., 2007).
tress-induced depression-like model mice (Ito et al.,
006) also exhibited a decrease in the number of OX-A-
ositive cells in the LHA (data not shown). Clinical studies
howed that a decrease in OX-A levels in the cerebrospi-
al fluid in humans correlates with depression and its
ymptoms (Brundin et al., 2007a); however, the possibility
hat the reduced levels of OX-A may be a consequence of
epression has not been fully addressed. Among studies
upporting a relationship between OX-A and depression,
ur results in the present study seem to provide evidence
hat OX-A may be a neuropeptide that induces antidepres-
ive-like effects in mice. Further studies on the influence of
ndogenous OX-A regulation on this antidepressive-like
ctivity are needed to further clarify the efficacy of the
ntidepressive effect of OX-A.

We found OXR1 protein to be expressed in the GCL,
ilus, and CA1-3 regions of the hippocampus, which is
onsistent with a previous report by Hervieu et al. (2001).
t is well known that the hippocampus is a major neuro-
enesis-associated region of the brain. Hence, we inves-
igated the possible involvement of OX-A in neurogenesis.

hen mice were administered OX-A by i.c.v. injection, the
umber of BrdU-positive cells was increased in the dentate
yrus of the hippocampus, and this increase was signifi-
antly blocked by treatment with SB-334867. These results
uggest that OX-A induces an increase in cell proliferation
hrough its interaction with OXR1. Interestingly, it is note-
orthy that the increase in cell proliferation was concom-

ig. 6. Treatment with SB-334867 blocked OX-A-induced increase in
rdU-positive cells in the dentate gyrus. BrdU immunohistochemistry
as performed at 4 days after i.c.v. administration of OX-A (140 pmol).
ach column represents the mean�S.E.M. The number in each col-
mn represents the number of mice per group. * P�0.01 and # P�0.05

s. saline-injected control mice and OX-A-injected mice, respectively,
ith Tukey’s test.
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ig. 7. I.c.v. administration of OX-A increased the number of NPY-positive cells in the H of the dentate gyrus, and treatment with SB-334867 blocked
his OX-A-induced increase in NPY-positive cells. (A) NPY immunohistochemistry was performed on brain slices prepared from animals killed at 4 days
fter i.c.v. administration of OX-A (140 pmol). Photomicrographs represent the NPY-positive cells (arrowhead) in the dentate gyrus. The number of
PY-positive cells in the H (B) and SGZ (C) of the dentate gyrus was counted. (D) Photomicrographs represent the axons of NPY-positive cells in the
VN. Each column represents the mean�S.E.M. The number in each column represents the number of mice per group. * P�0.01 and # P�0.01 vs.

aline-injected control mice and OX-A-injected mice, respectively, with Tukey’s test. Scale bar�100 �m (in all eight photomicrographs). H, hilus.
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tant with OX-A-induced antidepressive-like activity in be-
avioral studies, and that both effects were abolished by
lockage of OXR1. The relationship between the antide-
ressive-like activity and the cell proliferation associated
ith OX-A may be further supported by a previous report
emonstrating that the duration of immobility in the FST
nd the number of BrdU-positive cells in mice were nega-

ively correlated (Llorens-Martin et al., 2007). Therefore,
he OX-A-induced antidepressive-like activity may be as-
ociated with the regulation of cell proliferation in the
ippocampus.

To our knowledge, there are no reports describing the
nduction of depressive-like behavior after i.c.v. adminis-
ration of OX-A; however, Suzuki et al. (2005) reported that
.c.v. administration of OX-A was possibly involved in the
nset of anxiety-like behavior. In this report, anxiety-like
ehavior was evaluated at 15 min after i.c.v. administration
f OX-A in mice. Levels of corticosterone and adrenocor-
icotropic hormone (ACTH) in sera are increased immedi-
tely after i.c.v. administration of OX-A and are maintained
or a few hours (Kuru et al., 2000; Jaszberenyi et al., 2001;
ussell et al., 2001; Brunton and Russell, 2003). This
uggests that OX-A temporarily activates the HPA axis.
aylor and Samson (2003) also reported that increase in
orticosterone and ACTH levels by i.c.v. administration of
X-A may represent a temporary stress response. There-

ore, these findings imply that the OX-A-induced anxiety-
ike behavior and concomitant increase in corticosterone
nd ACTH levels might be caused by an acute compen-
atory biological response to stress. In the present study,
e performed behavioral evaluations at 4 days after i.c.v.
dministration of OX-A in mice. The rationale for this ap-
roach was to rule out possible effects of the temporal
ompensatory response against surgical stresses and
X-A. Several studies have underscored the necessity for
n extended recovery period (Shirayama et al., 2002; Tay-

or and Samson, 2003). In the present study, the reduction
f immobile behavior in the FST at 4 days after i.c.v.
dministration of OX-A implies that OX-A has an antide-
ressive-like effect that is independent of the stress inher-
nt to the technical procedure.

It is well known that cell proliferation in the dentate
yrus is suppressed by corticosterone (Cameron and
ould, 1994; Tanapat et al., 1998). This suggested that

.c.v. administration of OX-A would lead to the suppression
f cell proliferation in the dentate gyrus accompanied by
he elevation of corticosterone levels; however, in our
tudy the levels of corticosterone in the serum were not
ffected, and the cell proliferation was not suppressed but
ather enhanced by OX-A treatment. A possible explana-
ion for this observation may be that the time point at
nvestigation of the effect of OX-A on cell proliferation was
t 4 days after i.c.v. administration of OX-A. It is also
ossible that OX-A can induce other neuropeptides, affect-

ng cell proliferation in opposite ways than corticosterone,
ut it remains unclear whether OX-A induces the neu-
opeptides that affect cell proliferation. Further studies will

e needed to address the issue. i
OX-A treatment did not promote the proliferation of
PCs in vitro, suggesting that OX-A has no direct effect on

he proliferation of NPCs. In our immunohistochemical
tudies, the OXR1 protein was not apparently expressed in
he SGZ of the dentate gyrus, in which newborn cells such
s NPCs are generated. Moreover, OXR1 was not ex-
ressed in fetal brain-derived NPCs, even though the pro-
ein was expressed in the adult brain. These results raise
he possibility that the absence of OXR1 expression in
PCs may lead to a failure of OX-A to directly induce the
roliferation of NPCs; however, the fact that expression of
XR1 is found in certain neurogenesis-associated brain

egions, such as the hippocampus, may implicate OXR1
ignaling in the regulation of neurogenesis. Further studies
re needed to clarify the interaction between OXR1 sig-
aling and neurogenesis.

With respect to the maturation of NPCs in the dentate
yrus, the differentiation of NPCs into immature neurons in
X-A-injected mice described here was induced by about
0%, which was similar that seen in saline-injected mice at
4 days after BrdU injection. Under physiological condi-
ions, NPCs differentiate into immature neurons at a rate of
bout 60% after 14 days (Brown et al., 2003), which is
onsistent with the results presented here. Consequently,
hese results suggest that OX-A may induce cell prolifer-
tion without affecting the differentiation of NPCs in the
entate gyrus.

NPY as well as OX-A has been implicated in the stim-
lation of feeding behavior (Clark et al., 1985). NPY-ex-
ressing neurons are distributed not only in the arcuate
ucleus, but also in the hippocampus (in interneurons of
he hilus and CA1-3 regions) (Kharlamov et al., 2007).
everal studies have also shown that NPY plays a role in

he mode of action of antidepressants (Heilig et al., 1988)
nd exhibits an antidepressive-like activity itself (Redrobe
t al., 2002). More interestingly, NPY stimulates the prolif-
ration of neuronal precursor cells in the dentate gyrus
Howell et al., 2005, 2007). In the present study, the OX-
-induced increase in NPY-positive cells in the hilus was
locked by SB-334867 treatment, but not in the SGZ.
hese results imply that OX-A may be associated with the
egulation of the NPY system in the hilus through OXR1
ignaling. This may be supported by the finding that NPY
eurons are directly activated by OX-A via OXR1 (Muroya
t al., 2004). However, it is still unclear whether the regu-

ation of the NPY system is one possible mechanism un-
erlying the antidepressive-like effect and the regulation of
ell proliferation induced by OX-A. Further studies using an
ntagonist of NPY receptors might help to elucidate
hether the mediation of the NPY system plays a critical

ole in the effects of OX-A. NPY-positive neurons also
roject from the arcuate nucleus to the PVN, and this
rojection seems to play a role in the activation of the HPA
xis (Suda et al., 1993). In the present study, OX-A injec-
ion did not affect the distribution of axons of NPY-express-
ng neurons in the PVN. These findings and the analysis of
orticosterone levels in sera imply that the OX-A-induced
ncrease in NPY-positive cells in the hilus may not be
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elated to the activation of the HPA axis. In addition, the
ifference in distribution of NPY between the dentate gyrus
nd the PVN may suggest region-specific actions of NPY.

CONCLUSION

n conclusion, this study provides the first evidence that
X-A is a neuropeptide that exhibits antidepressive-like
ctivity through the regulation of cell proliferation in the
entate gyrus. However, it remains unclear whether an
xtensive action of OX-A throughout the brain is associ-
ted with the antidepressive-like effect. Further studies on

he effects of repeated administration of OX-A or overex-
ression of OX-A using transgenic approaches may clarify

he association of the orexinergic system with depression.
inally, additional studies will be needed to identify the
olecular and cellular adaptations underlying the indirect
ction of OX-A to further elucidate the mechanism of OX-
-induced antidepressive-like activity.
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