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Abstract Neuropeptide W (NPW), which was originally iso-
lated from the porcine hypothalamus, has been identified as
the endogenous ligand for both the NPBWR1 (GPR7) and
NPBWR?2 (GPRS) receptors. These receptors, which belong
to the orphan G protein-coupled receptor (GPCR) family,
share a high sequence homology with the opioid and somato-
statin receptor families. NPW and NPBWRI1 are widely dis-
tributed in the rat central nervous system (CNS). While the
intracerebroventricular (i.c.v.) injection of NPW elevates plas-
ma corticosterone levels, the intravenous administration of
NPW in conjunction with a corticotropin-releasing hormone
(CRH) antagonist blocks NPW-induced corticosterone secre-
tion. It has been reported that NPW is involved in regulating
the hypothalamus-pituitary-adrenal cortex (HPA) axis and that
i.c.v. administration of NPW decreases feeding behavior. The
aim of the present study was to ascertain if NPW’s role in
feeding regulation is mediated (or not) through
corticotropin-releasing hormone (CRH)-containing neurons.
We found that NPW-containing axon terminals make synap-
ses with CRH-immunoreactive cell bodies and dendritic
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processes in the hypothalamic paraventricular nucleus
(PVN). The central infusion of NPW significantly induced
c-Fos expression in CRH-immunoreactive neurons in the
mouse PVN, but not in vasopressin- or oxytocin-
immunoreactive neurons. To determine if NPW regulates
feeding behavior through CRH neurons, the feeding behavior
of mice was studied following the i.c.v. administration NPW
in the presence or absence of pretreatment with a CRH antag-
onist. While NPW administration decreased feeding activity,
the CRH antagonist inhibited this effect. These results strong-
ly suggest that NPW regulates feeding behavior through CRH
neurons in the mouse brain.

Keywords Neuropeptide W (NPW) -
Immunohistochemistry - Hypothalamus - Mouse

Introduction

O’Dowd et al. (1995) used oligonucleotides based on the opi-
oid receptor and the structurally related somatostatin receptor
to identify two genes—GPR7 and GPR8—which were pre-
dicted to encode two G protein-coupled receptors (GPCRs) in
the human brain. GPR7 NPBWRI is expressed in the brain
and peripheral organs of humans and rodents, whereas
NPBWR? is not found in rodent genomes (Lee et al. 1999).
In 2002, neuropeptide W (NPW) was isolated from the por-
cine hypothalamus (Shimomura et al. 2002), and its endoge-
nous ligand receptors were considered to be neuropeptide
B/W receptor 1 (NPBWRI, former name GPR7) and neuro-
peptide B/W receptor 2 (NPBWR2, former name GPRS).
NPW has two isoforms, designated as neuropeptide W-23
and neuropeptide W-30, and these two peptides are thought
to be derived from the precursor NPW peptide by proteolytic
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processing at two pairs of arginine residues (position 24 and
25 and position 31 and 32; Shimomura et al. 2002).

Given NPBWRs receptor gene expression patterns in ro-
dents, NPW and NPB most likely bind to NPBWR1, which
mediates their physiological functions (O’Dowd et al. 1995;
Lee et al. 1999; Brezillon et al. 2003; Tanaka et al. 2003). It
has been shown that NPBWR1 knockout mice are hyperphag-
ic and exhibit decreased energy expenditure, suggesting that
NPB and NPW play an important role in feeding behavior
(Shimomura et al. 2002). The intracerebroventricular (i.c.v)
infusion of NPW in the light phase in animals exposed to a
12:12-h light-dark schedule increased food intake during the
first 2 h in male rats (Shimomura et al. 2002), while Levine
et al. (2005) also reported that injection of NPW into the rat
paraventricular nucleus (PVN) increased food intake. These
results suggest that NPW may have an orexigenic function in
the acute feeding phase (Shimomura et al. 2002). However, a
previous report demonstrated that both forms of NPW sup-
press fasting-induced food intake in the dark phase, indicating
that the effect of NPW on feeding differs according to whether
animals are maintained in a light or dark phase (Mondal et al.
2003). The physiological significance and mechanisms under-
lying these effects are still not clear.

It should be noted that NPBWRI is expressed in the hypo-
thalamus, including the PVN and supraoptic nuclei (SON),
and the arcuate nucleus (ARC) and that these areas contain
neurons which regulate anterior pituitary hormone release
(Singh et al. 2004; Kitamura et al. 2006; Skrzypski et al.
2012). Moreover, NPBWRI1 is abundantly expressed in the
central nucleus of the amygdala and bed nucleus of the stria
terminalis, which is involved in the regulation of stress and
emotion (Lee et al. 1999; Tanaka et al. 2003). From these
observations, NPBWR1 may be involved in responding to
stress via the hypothalamus-pituitary-adrenal cortex (HPA)
axis (Mazzocchi et al. 2005; Niimi and Murao 2005). In ad-
dition, the intracerebroventricular (i.c.v.) infusion of NPW
slightly elevates plasma levels of growth hormone and signif-
icantly increases plasma levels of corticosterone (Baker et al.
2003; Samson et al. 2004). The intraperitoneal (i.p.) injection
of NPW also increases plasma levels of corticosterone and
adrenocorticotropic hormone (ACTH; Hochol et al. 2007).
These observations suggest that NPW’s action is related to
the activation of the HPA axis (Baker et al. 2003; Brezillon
et al. 2003; Samson et al. 2004; Taylor et al. 2005; Seki et al.
2008).

Immunohistochemistry experiments have shown that
NPW-containing neurons are widely distributed in the rat
brain (Dun et al. 2003; Takenoya et al. 2010b). We have re-
cently shown that NPW messenger RNA (mRNA) is
expressed in the rat PVN, ventromedial nucleus, ventromedial
hypothalamus (VMH), arcuate nucleus (ARC), and lateral hy-
pothalamus (LH) (Takenoya et al. 2010a). Many NPW-
containing axon terminals have also been observed in the
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PVN (Dun et al. 2003; Takenoya et al. 2010a). In addition,
corticotropin-releasing hormone (CRH)-immunoreactive neu-
rons are abundantly expressed in the PVN. Based on these
observations, we hypothesized that NPW-containing neurons
in the PVN may inhibit food intake in a manner mediated by
CRH-containing neurons. To test this hypothesis, we studied
interactions between NPW- and CRH-containing neurons by
using morphological, physiological, and molecular biology
methods to determine whether NPW directly affects food in-
take via an action on CRH neurons in the PVN.

Materials and Methods
Animals

Adult male C57BL/6NCr mice were purchased from Sankyo
Lab Service (Tokyo, Japan). Animals had ad libitum access to
standard chow and water and were housed on a 12:12-h light—
dark schedule (lights on at 8 a.m. and off at 8 p.m.) with the
ambient temperature maintained at 23+2 °C. All experimental
protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of Showa University.

Cannulation

Animals were anesthetized with an i.p. injection of sodium
pentobarbital (Somnopentyl, 50 mg/kg body weight; Kyoritsu
Seiyaku, Tokyo, Japan), placed in a stereotaxic apparatus and
implanted with a guide cannula (external diameter 0.5 mm,
length 7.2 mm) through the skull that reached the lateral ven-
tricle of the brain. Stereotactic coordinates were 0.2 mm pos-
terior to bregma, 1.1 mm lateral from the midline, and 2.2 mm
below the outer surface of the skull, according to the atlas of
Franklin and Paxinos (16). For all cannulations, the incisor bar
was set at 2.0 mm below the ear bars. The guide cannula was
secured by dental cement on the dorsal surface of the skull.
After surgery, a stylus was inserted into the guide cannula to
prevent occlusion. An injector cannula (external diameter
0.2 mm) was designed to fit flush with the end of the guide
cannula. The animals were housed in individual cages with
free access to food and water. Following surgery, they were
allowed to recover for 7 days and were handled daily during
that time to minimize nonspecific stress related to the injection
procedure. Verification of cannula placement was performed
7 days after surgery by monitoring the water intake of mice in
response to an i.c.v. infusion of angiotensin II (50 ng/2 ul;
Sigma Chemicals, St Louis, MO, USA). Those mice that did
not drink water within 5 min of the angiotensin II injection
were excluded from the study. Animals were allowed to
recover for 7 days after this injection to rule out the
action of any bioavailable angiotensin I on subsequent
experimental procedures.
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Surgical Procedures and Administration of NPW

Animals were anesthetized with pentobarbital sodium
(50 mg/kg body wt. i.p. injection) and then placed in a stereo-
taxic frame. Two stainless steel anchoring screws were fixed
to the skull, and the cannula was secured in place by acrylic
dental cement. The animals were then returned to their cages
and allowed to recover for at least 7 days. They were then
handled every day and housed in cages before the start of
the experiments. For i.c.v. administration of NPW or vehicle,
a stainless steel injector was introduced through the cannula at
a depth of 1.0 mm beyond the end of the guide. The total
volume of injected solution of NPW and saline into the lateral
ventricle was 2 pl. NPW was purchased from the Peptide
Institute (Minoh, Japan) and dissolved in pyrogen-free
sterile 0.9 % saline solution (Otsuka Phar, Japan). We
administered NPW in the animals at the time of onset
of dark phase at 6 p.m.

The animals used for in situ hybridization histochemistry
for CRH mRNA were decapitated 6 h after the i.c.v. adminis-
tration of NPW-30 (2.8 nmol/mouse) or vehicle (=5 in each
group) to conscious mice. Brains were rapidly removed and
placed on powdered dry ice for in situ hybridization histo-
chemistry for CRH mRNA.

In Situ Hybridization Histochemistry for CRH mRNA

In situ hybridization histochemistry was performed on frozen
12-um-thick coronal brain sections cut on a cryostat at
=20 °C, thawed, and mounted on gelatin/chrome alum-
coated slides. Brain tissue was stored at —80 °C before cutting.
Sections containing the PVN were chosen from plate 18 in the
atlas. Ten sets of two sections containing the PVN were used
from each mouse to measure the density of autoradiography.
Slides were warmed to room temperature, allowed to dry for
10 min, and then fixed in 4 % formaldehyde in phosphate-
buffered saline (PBS) for 5 min. They were then washed two
times in PBS and incubated in 0.9 % NaCl containing 0.25 %
acetic anhydride (vol/vol) and 0.1 M triethanolamine at room
temperature for 10 min. The sections were dehydrated using a
series of 70 % (1 min), 80 % (1 min), 95 % (2 min), and 100 %
(1 min) ethanol solutions consecutively and delipidated in
100 % chloroform for 5 min. The slides were then partially
rehydrated first in 100 % (1 min) and then in 95 % (1 min)
ethanol and allowed briefly to air-dry.

Hybridization was performed at 37 °C overnight in 45-ul
of buffer solution consisting of 50 % formamide and 4 x saline
sodium citrate (SSC; 1xSSC=150 mM NaCl and 15 mM
sodium citrate), containing 500 pg/ml sheared salmon sperm
DNA (Sigma, St. Louis, MO, USA), 250 pg/ml baker’s yeast
total RNA (Roche Molecular Biochemicals, Mannheim, Ger-
many), | XDenhardt’s solution, and 10 % dextran sulfate (500,
000 MW, Sigma). The hybridization was performed under a

Nescofilm (Bando Chemical IMD, Osaka, Japan) coverslip. A
35S-3 -end-labeled deoxyoligonucleotide that was comple-
mentary to transcripts coding for CRH (5§ -CAGTTTCCTG
TTGCTGTGAGCTTGCTGAGCTAACTGCTCTGCCCTG
GC-3) was used as a specific probe. The specificity of the
probe has been described previously (Harbuz et al. 1993). A
total of 1x10° cpmyslide for CRH anti-sense transcripts were
used. After hybridization, the sections were washed for 1 h in
four separate 1xSSC rinses at 55 °C and for another hour in
two changes of 1 xSSC at room temperature. All independent
experimental sections were treated simultaneously to mini-
mize the variable effects of hybridization and wash stringency.
Hybridized sections containing the PVN were opposed to au-
toradiography film (Hyperfilm; Amersham, Buckingham-
shire, UK) for 5 days to detect CRH transcripts. The autora-
diographic images were quantified using a MCID imaging
analyzer (Imaging Research, St. Catherines, Ontario, Canada).
The images were captured by a charge-coupled device
camera (DAGE-MTI, Michigan City, IN, USA) with
40% magnification. The mean optical density (OD) of auto-
radiographs was measured by comparison with simultaneous-
ly exposed 14C microscale samples (Amersham). The stan-
dard curve was fitted by the OD of the 14C microscale on the
same film.

c-Fos Experiments

Two nmol of NPW30 (Peptide Institute) or saline was i.c.v.
administered to ad libitum fed mice (n=4/group) before onset
of the dark phase (1945 h). Ninety minutes after the injection,
mice were perfused and fixed with 4 % paraformaldehyde/
0.01 M PBS under anesthesia. Brains were removed and
20-um-thick free-floating sections were prepared. Sections
were blocked for 60 min in phosphate-buffered saline (PBS)
containing 10 % normal horse serum (Vector Laboratories,
Burlingame, CA, USA). Then in order to detect c-Fos immu-
noreactivity, the sections were incubated overnight with anti-
c-Fos antiserum (1:20000, Ab-5; Oncogene Research Prod-
ucts, Cambridge, MA, USA) at 4 °C, washed three times with
PBS for 10 min, and incubated with biotinylated anti-rabbit
IgG (1:400; DAKO, Carpinteria, CA, USA) for 2 h at room
temperature. The signals were amplified by ABC kit (Vector
Laboratories), and visualized using a peroxidase substrate (di-
aminobenzidine, DAB) kit (Vector Laboratories) following
washes with PBS. After dehydration, the mounted sections
were coverslipped with malinol (Muto Pure Chemicals, To-
kyo, Japan). c-Fos-like immunoreactivity (c-Fos-LI) was de-
tected with an optical microscope (PROVIS, Olympus, To-
kyo, Japan). As a control, the procedure described above
was performed with the primary antibody step omitted. No
specific immunoreactivity was observed in these control
sections.
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Double Immunofluorescence Staining Using Anti-cFos
and Anti-CRH and Anti-Vasopressin and Anti-Oxytocin
Antibodies

NPW30 (2 nmol) or saline were administered i.c.v. to ad
libitum fed mice (n=4/group) before the onset of dark phase
(1900-2000 h). Ninety minutes after the injection, anesthe-
tized mice were perfused and fixed with 4 % paraformalde-
hyde/0.01 M PBS. Brains were removed and 5-pum-thick par-
affin sections were prepared. Brain sections from saline- and
NPW-treated animals were carefully matched under a micro-
scope according to the shape of brain structures in
immunohistochemically stained sections. After being
deparaffinized and rehydrated, the sections were blocked in
PBS containing 10 % normal horse serum (Vector Laborato-
ries) and then incubated with goat anti-c-Fos antibody
(1:1000, Santa Cruz Biotechnology) overnight at 4 °C,
followed by incubation with Alexa Fluor 488-conjugated don-
key anti-goat IgG (1:400, Invitrogen, Carlsbad, CA, USA) for
1.5 h at room temperature. Next, the sections were incubated
with rabbit anti-corticotropin-releasing factor (CRF) antibody
(1:500, Advanced Targeting Systems, San Diego, CA, USA),
guinea pig anti-vasopressin antibody (1:500, Peninsula Labo-
ratories, San Carlos, CA, USA), or rabbit anti-oxytocin anti-
body (1:400, Incstar, Stillwater, MN, USA) overnight at 4 °C.
After washing with PBS, the sections were incubated with
Alexa Fluor 568-labeled goat anti-rabbit IgG or Alexa Fluor
546-labeled goat anti-guinea pig IgG (1:400, Invitrogen) for
1.5 h at room temperature. Double-immunostained sections
were observed with the aid of a confocal laser microscope
(Alsi, Nikon, Tokyo, Japan).

Quantification of c-Fos-Like Immunoreactivity and/or
CRH-Like Immunoreactivity

Brain sections from saline- and NPW-treated animals were
carefully matched under a microscope according to the ap-
pearance of brain structures in immunohistochemically
stained sections. Sections were selected at around 0.50 mm
posterior to the bregma. The area in which CRH immunore-
activity was present was defined as the PVN. Images from the
selected two sections per mouse (n=4/group) were captured
using a confocal laser microscope (A1Si, Nikon). In addition,
the number of c-Fos-positive or CRH-positive cells in the
PVN was counted in two sections from each group.

Electron Microscopy Observations

For electron microscopy experiments, vibratome-cut sections
(40- to 50-m thickness) that had been fixed as described above
were incubated in normal horse serum (1:20) for 20 min and
then in mouse anti-NPW antiserum (diluted to 1:2000) for 2 h
at room temperature, followed by overnight incubation at
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4 °C. The following day, sections were incubated with bio-
tinylated anti-mouse IgG (Lam et al. 2011) for 1 h and then
with ABC for 45 min at room temperature (Vectastain Elite
ABC kit, Vector Laboratories). The sections were then treated
for about 3 min in the dark with diaminobenzidine (DAB) in
0.05 M Tris—HCI (pH 7.6) buffer containing 0.005 % hydro-
gen peroxide. After the DAB reaction, some of the sections
were further treated with silver—gold intensification (Guan
et al. 2001). These sections were post-fixed with 1 % OsOy4
in 0.1 M PB (pH 7.4) for 1 h at 4 °C, dehydrated in a graded
ethanol series, and then embedded in a mixture of Epon-
Araldite. Ultrathin sections were then cut and examined by
using a Hitachi H-7000 electron microscope. The specificity
of the NPW antiserum used in this study has been reported
elsewhere (Date et al. 2010; Takenoya et al. 2010a).

Feeding Behavior

Cannulated mice were individually housed in cages (dimen-
sions: 240 mm wide, 290 mm long, and 300 mm high) and
habituated to feeding behavior measuring equipment
(ACTIMO-100, Shinfactory, Fukuoka, Japan) for approxi-
mately 1 week. Food intake and water intake were recorded
at 1-min intervals. Food intake was calculated according to the
weight change of the chow box. Water intake was measured
using a drop sensor. Saline (2 pl) was i.c.v. administered to ad
libitum fed mice (n=3/group) before onset of dark the phase
(1945 h), and food intake, water intake, and locomotor activity
were simultaneously recorded for 24 h. Body weight was
measured 24 h after the injection. One day later, the same
animals were i.c.v. infused with NPW30 at a dose of 2 nmol
(2 ul of 1 nmol/ul). Similar to procedures followed after the
saline injection, food intake, water intake, and locomotor ac-
tivity were recorded for 24 h. Body weight was measured 24 h
after the NPW30 injection.

Effects of Pretreatment with CRH Antagonist
(x-Helical-CRH) on Food Intake and Body Weight
of NPW-Infused Mice

Animals (11-week-old male C57BL/6J mice) that passed the
angiotensin II drinking water test (n=6) were pretreated with
the CRH antagonist o-helical-CRH (1 nmol) in saline injected
i.c.v. into each lateral ventricle at 1830 h. Thirty minutes later
(1900 h), NPW (1 nmol) was infused i.c.v into each mouse.
Cumulative food intake, body weight, and blood glucose
levels were measured after 24 h.

Statistical Analyses

Differences between groups (means+SEM) were analyzed by
analysis of variance (ANOVA) and post hoc Fisher’s test. P
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values less than 0.05 were considered to indicate significance
(two-tailed tests).

Results

NPW-Containing Neurons and NPW mRNA Expression
in the PVN

At the light microscopic level, NPW-containing nerve pro-
cesses and their terminals could be identified in the mouse
PVN (Fig. 1a). In situ hybridization histochemistry on brains
excised 90 min after the i.c.v. administration of saline or NPW
showed increased CRH mRNA expression in NPW-infused
mice compared to control (Fig. 1b, c). Average CRH probe-
binding activity (arbitrary units) was also increased in NPW-
treated animals compared to control (saline-treated) animals
(n=5, P<0.01; Fig. 1d).

Interaction Between NPW- and CRH-Containing Neurons
in the PVN

Light microscope images of NPW- and CRH-containing neu-
rons in the PVN clearly showed NPW-containing axon termi-
nals in close contact with CRH-containing cell bodies and
dendritic process (Fig. 2a, b). At the electron microscope lev-
el, double immunolabeling showed NPW-containing axon ter-
minals in the PVN making synaptic contacts with CRH-
containing dendritic processes (Fig. 2c, d). These synapses
were found to be of both the symmetrical (Fig. 2¢) and asym-
metrical (Fig. 2b) type.

c-Fos Expression in the PVN and SON After Administration
of NPW

The i.c.v. administration of NPW induced an increase in the
level of c-Fos expression in the PVN. We examined the num-
ber of ¢c-Fos-immunoreactive neurons in the PVN 90 min after
the i.c.v. infusion of saline or NPW and found that compared

vehicle

Fig. 1 a NPW-containing nerve processes are evident in the
hypothalamic PVN of a control (saline-treated) mouse brain. b, ¢
Effects of i.c.v. administration of NPW (2 nmol) or saline on CRH
mRNA expression as measured by in situ hybridization histochemistry.

to control (saline) group (Fig. 3a) NPW infusion led to a sig-
nificant increase in c-Fos expression in the PVN (Fig. 3b). c-
Fos-immunoreactive neurons were both found in the
magnocellular and parvocellular divisions of the PVN
(Fig. 3b). Small numbers of c-Fos-immunoreactive neurons
were also observed in the SON of both control (Fig. 3c) and
NPW-treated (Fig. 3d) animals. Overall, an average of 46.3+
7.4 and 163.3£24.3 c-Fos-immunopositive neurons were seen
in the PVN in control and NPW-injected mice, respectively,
whereas in the SON, an average of 12.7+4.4 and 46.7+17.6,
respectively, were observed (Fig. 3e).

Dual Immunofluorescence for c-Fos and CRH-, Oxytocin-,
or Vasopressin-Like Immunoreactivities and Quantification
of c-Fos-Like and/or CRH-Like Immunoreactivities

To identify the target neurons of NPW, we subsequently per-
formed double immunofluorescence experiments for c-Fos
and CRH, oxytocin or vasopressin immunoreactivity in the
mouse brain (Fig. 4). As shown above, compared to saline-
injected brains, the i.c.v. infusion of NPW led to a significant
increase in the number of c-Fos-like immunoreactive neurons
in the PVN (Fig. 3). We found that the i.c.v. injection of NPW
significantly elevated the number of neurons co-expressing c-
Fos and CRH in the PVN compared to control (Fig. 4a, b) In
contrast, double immunofluorescence studies employing anti-
bodies against c-Fos and oxytocin (Fig. 4c, d) or c-Fos and
vasopressin (Fig. 4e, f) showed that a few number of neurons
in the PVN displayed overlapping immunoreactivity.

Effect of I.c.v. Infusion of NPW on Food Intake and Body
Weight

We examined the effect of NPW on food intake in the dark
phase. Here, NPW administered i.c.v. significantly reduced
food intake, body weight, and water intake compared to
saline-treated animals (*P<0.05 vehicle vs. NPW icv;
Student’s ¢ test; Fig. 5).

20000 A
* vehicle

mNPW icv
15000 4

10000 4 I

5000 A

CRH probe binding (arbitrary units) o

NPW icv

Compared with saline-treated animals, CRH mRNA is expressed more
strongly in the PVN after infusion of NPW. d Semiquantitative analysis of
CRH mRNA expression induced by infusion of NPW vs. saline; NPW
has a significant effect on expression
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Fig. 2 Light and electron microscopic images of interaction between
NPW- and CRH-containing neurons in the PVN. a, b NPW-containing
axon terminals making direct contact with CRH-containing neuronal cell
bodies and dendritic processes (arrows). Scale bar = 20 pm (a) and
10 um (b). ¢, d Synaptic (arrow heads) interaction between NPW-
containing axon terminals (V) with CRH-containing dendritic processes

©

Effect of a CRH Antagonist on NPW-Modulated Food Intake,
Body Weight, and Blood Glucose Level

We next examined whether the anorexigenic effect of NPW
was mediated via an action on CRH neurons. Body weight
and food intake was compared to the previous day’s level.
Animals were pretreated with the CRH antagonist «-helical-
CRH (1 nmol) or saline injected into each lateral ventricle in

Fig. 3 Effects of i.c.v. infusion of NPW (2 nmol) or saline on c-Fos
expression in the PVN (a, b) and SON (¢, d). c-Fos immunoreactivity
is strongly detected in the PVN after infusion of NPW but less in the
SON. a, ¢ Saline infusion. b, d NPW infusion. e NPW infusion

@ Springer

the dark phase. Thirty minutes later, NPW (2 nmol) was in-
fused (see “Materials and methods™). Food intake and body
weight in the group pretreated with the CRH antagonist were
increased compared with the saline-pretreated group
(*P<0.05 saline+NPW vs. a-h-CRH+NPW; Student’s ¢ test).
In contrast, blood glucose levels were not significantly differ-
ent between the two groups (Fig. 6).

Discussion

NPW, which was identified as an endogenous ligand for the
GPR7 and GPRS receptors, is expressed in the hypothalamic
region of the mouse brain. As GPR7 knockout mice have been
shown to exhibit hyperphagic behavior and decreased energy
expenditure, this could suggest that NPW acts as a modulator
of feeding activity. Previous reports have shown that the cen-
tral administration of NPW increases food intake during the
first 2 h in the light phase (Shimomura et al. 2002), and Levine
et al. (2005) similarly reported that injection of NPW into the
PVN of rats also increased food intake. In contrast, Mondal
et al. (2003) reported that NPW suppresses food intake in the
dark phase (feeding phase), reduces fasting-induced food in-
take, and suppresses body weight gain. In the present study,
we confirmed that the i.c.v. injection of NPW decreases food
intake in the dark or feeding phase (Fig. 5), which perhaps
indicates that endogenous NPW exerts both catabolic and an-
abolic functions depending on whether the animal is treated in
the dark or light phase.

NPW-like immunoreactivity was particularly abundant in
the PVN and SON of the hypothalamus (Takenoya et al.
2010a). In addition, NPW mRNA is expressed in the hypo-
thalamus, pituitary gland, and adrenal gland (Tanaka et al.
2003; Kitamura et al. 2006; Seki et al. 2008; Takenoya

m

- vehicle

200
H NPW icv

150

100~

504

Number of c-Fos in PVN
and SON(cells/section)

I
PVN SON

significantly increased the number of c-Fos-immunopositive cells in the
PVN and SON, but more so in the PVN. Data are expressed as
the mean=SEM. Number of c-Fos was counted by number of cell
in section (cells/section)
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Fig. 4 a, b Representative
immunofluorescence
photomicrographs showing c-Fos
expression in CRH-like
immunopositive neurons within
the PVN following i.c.v. injection
of NPW. Dual immunostaining of
c-Fos (green) and CRH (red) in
neurons of mice infused with
vehicle (a) or NPW (b) infusion.
c-Fos-expressing CRH neurons in
the PVN of NPW-injected

(2 nmol) mice. Scale bar is

20 um. ¢, d, e, f Representative
immunofluorescence
photomicrographs showing c-Fos
expression in oxytocin- (OXT; ¢,
d) and vasopressin (4VP; e, f)-like
immunopositive neurons within
the PVN following i.c.v. injection
of NPW

Saline injection

NPW injection

2010b). Reports have showed that i.c.v. infusion of NPW
elevated prolactin and corticosterone in the rat (Shimomura
et al. 2002; Baker et al. 2003), while NPW significantly al-
tered prolactin, growth hormone, and ACTH release from dis-
persed rat anterior pituitary cells in vitro (Baker et al. 2003). In
addition, Yogo et al. (2012) have reported that i.c.v. infusion
of NPW stimulates ACTH secretion from the pituitary gland
and that pretreatment with a vasopressin receptor antagonist

does not inhibit this effect. These data suggest that AVP is not
involved in the NPW-mediated increase in plasma ACTH.
Rather; it has been suggested that NPW activates the HPA axis
and plays an important role in the hypothalamic response to
stress (Niimi and Murao 2005; Taylor et al. 2005; Beck et al.
2010). To this end, hypothalamic CRH-containing neurons are
localized in the medial parvocellular part of the PVN and mod-
ulate the HPA axis response to the stress (Vale et al. 1981).
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Fig. 5 Food intake, water intake and body weight 24 h after i.c.v.
administration of NPW30 (2 nmol) at 1945 h. Control mice were given
0.9 % saline (n=4/group) Data are expressed as the mean+SEM.
*P<0.05 vs. saline group

GPR7 mRNA has been previously detected in the parvocellular
part of the PVN (Lee et al. 1999), and it has been shown that
NPW-immunoreactive neuronal cell bodies and fibers are pres-
ent in that brain region (Dun et al. 2003; Takenoya et al. 2010b).
Moreover, both NPW-immunoreactive cell bodies and
NPBWRI have been detected in the parvocellular part of the
PVN (Kitamura et al. 2006).

Further to the above, CRH plays an important role in the
stress response and affects feeding behavior (Drescher et al.
1994). Several studies have assessed the inhibitory role of
CRH on food intake (Arase et al. 1989; Krahn et al. 1990).
It has been proposed that CRH is released from the nerve
terminals in the ARC, thereby inhibiting NPY/AGRP neu-
rons; on this basis, it was suggested that CRH is normally
responsible for stimulating feeding behavior and suppressing
energy expenditure after acute stress (Richard et al. 2002).
Further to this, pretreatment with «-h-CRH, administered
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Fig. 6 Effect of a-h-CRH on A
NPW-induced food intake, body
weight and blood glucose glucose
levels in the dark phase. Animals
were pretreated with the CRH
antagonist «-h-CRH (1 nmol) or
saline, and 30 min later i.c.v.
infused with NPW (2 nmol) (n=
6). Data are expressed as the
mean+SEM. *P<0.05 vs.

saline + NPW group

The rate of change of

intravenously, attenuated the ability of NPW to increase the
plasma concentration of corticosterone (Taylor et al. 2005), a
steroid hormone intimately involved in the stress response.

In the present study, we found that infusion of NPW into
the mouse brain induced a significant increase in c-Fos ex-
pression in the PVN and SON. Other investigators have re-
ported similar results (Levine et al. 2005; Niimi and Murao
2005; Kawasaki et al. 2006). While c-Fos-immunoreactive
neurons were previously reported to be distributed in the
parvocellular and magnocellular parts of the PVN (Mouri
et al. 1993), the present study confirmed this and clearly
showed that many c-Fos-immunoreactive neurons were co-
labeled with CRH neurons. In this way, double-
immunostaining experiments showed co-labeling of neurons
with anti-c-Fos and anti-CRH antibodies in the parvocellular
part of the PVN, but less so with anti-AVP and anti-OXT
antibodies.

In addition to NPW, NPB also binds to GPR7 and GPRS.
NPB-regulated food intake is mediated by CRF activity
(Aikawa et al. 2008), implying that feeding regulation by the
NPW/NPB systems is closely related to CRF activity. These
results suggest that the role of NPW in feeding regulation
could be partly through the action of CRH and that the main
target of NPW could be CRH-containing neurons. Kawasaki
et al. (20006) reported that i.c.v. infusion of NPW in the light
phase demonstrated the coexistence of c-Fos and
magnocellular AVP/OXT neurons in the PVN and SON in
the rat. In addition, they reported that central administration
of NPW30 causes a significant increase in plasma AVP and
OXT levels in conscious rats (Kawasaki et al. 2006). Howev-
er, in the present study, we found that a small number of these
neurons did not respond to NPW administration in mice in the
dark phase. The discrepancy in these results may due to the
different animal strains used and whether the NPW infusion
takes place in the dark or light phase.

At an ultrastructural level, our immunohistochemical study
enabled us to observe that many NPW-immunoreactive fibers
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were in close apposition with CRH-immunoreactive cell bod-
ies and dendritic processes in the PVN. Moreover, NPW-
positive nerve terminals were found to make axo-somatic
and axo-dendritic synaptic contacts with CRH-containing
neurons in this brain region. We previously reported the rela-
tionship between NPW-containing neurons and other peptide-
containing neurons in the lateral hypothalamus of the brain,
along with NPW-containing nerve fibers being in direct con-
tact with orexin- or melanin-concentrating, hormone-
containing neurons in the rat (Takenoya et al. 2005). NPW-
containing neurons have also been shown to project to
POMC- and NPY-containing neurons in the ARC; in this
way, loose patch extracellular recordings showed that treat-
ment with NPW inhibits the firing of NPY-containing neurons
and decreases the frequency of spontaneous inhibitory post-
synaptic currents in POMC-containing neurons in the ARC
(Date et al. 2010). Thus, NPW may inhibit food intake and
body weight gain through at least two pathways: one that acts
via inhibition of NPY-containing neurons and stimulation of
POMC-containing neurons, and the other that acts by stimu-
lating a CRH-mediated pathway.

In contrast to this, Yogo et al. (2012) reported that pretreat-
ment with a CRF receptor antagonist inhibited the increase in
plasma ACTH levels induced by the i.c.v. administration of
NPW, suggesting that centrally applied NPW activates the
HPA axis by activating hypothalamic CRF.

We also demonstrated here that the CRH antagonist «-h-
CRH affects NPW-induced food intake and body weight, but
not blood glucose levels. Taken together, these results indicate
that NPW may, via the HPA axis, mediate stress responses and
control feeding regulation, albeit in a complex manner given
that blood glucose levels remain unaffected. This fits with
numerous reports showing that stress affects food intake in
different ways, with both increased and decreased feeding
behavior described in humans and animals and in response
to acute or chronic stress (Marti et al. 1994; Pecoraro et al.
2004; Schulz and Laessle 2012).

To summarize, we have shown that NPW regulates feeding
behavior via an action on CRH neurons by direct synaptic
innervation that results in decreased food intake and reduced
weight. It remains unknown, however, why NPW does not
affect glucose metabolism, thus leaving this issue as an impor-
tant topic for future research.
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