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ABSTRACT

Background/Aims: The novel brain peptide neuropeptide-S (NPS) is produced exclusively by a small group of cells adjacent to the nor-
adrenergic locus coeruleus. The NPSR mRNA has been detected in several brain areas involved in stress response and autonomic outflow,
such as amygdala and hypothalamus, suggesting that central NPS may play a regulatory role in stress-induced changes in gastrointes-
tinal (GI) motor functions. In rodents, exogenous central NPS was shown to inhibit stress-stimulated fecal output. Moreover, exogenous
NPS was demonstrated to activate hypothalamic neurons that produce orexin-A (OXA), which has been shown to stimulate postprandial
gastric motor functions via central vagal pathways. Therefore, we tested whether OXA mediates the NPS-induced alterations in gastric
motor functions under stressed conditions.

Materials and Methods: We investigated the effect of central exogenous NPS on solid gastric emptying (GE) and gastric postprandial
motility in acute restraint stress (ARS)-loaded conscious rats. The OXA receptor antagonist SB-334867 was administered centrally prior
to the central NPS injection. The expression of NPSR in the hypothalamus and dorsal vagal complex was analyzed by immunofluores-
cence.

Results: Central administration of NPS restored the ARS-induced delayed GE and uncoordinated postprandial antro-pyloric contrac-
tions. The alleviative effect of NPS on GE was abolished by pretreatment of the OX1R antagonist SB-334867. In addition to hypothal-
amus, NPSR was detected in the dorsal motor nucleus of vagus, which suggest a direct stimulatory action of exogenous NPS on gastric

motility.

Conclusion: NPS may be a novel candidate for the treatment of stress-related gastric disorders.
Keywords: Neuropeptide-S, orexin-A, gastric emptying, acute restraint stress

INTRODUCTION

Stress exposure has been shown to play a pivotal role in
developing functional gastrointestinal disorders (FGID)
such as functional dyspepsia (FD) (1,2). Individuals expe-
rience multiple stressors that contain mental, physical,
social components, as well as their combinations. Long-
term stress exposure results in impaired brain-gut axis
signaling, which plays a pivotal role in generation of FGIDs
(2). In previous rodent studies, it was shown that acute
restraint stress (ARS) for 90 min delayed solid gastric
emptying (GE) (3) and small intestinal motility (1), while
accelerating the colonic transit rate (4).

The novel brain peptide neuropeptide-S (NPS) was iden-
tified as the endogenous ligand for the NPS receptor
NPSR (formerly known as GPR154) (5). Through binding
NPSR, NPS has been shown to increase cellular excitabil-
ity by stimulating the formation of cAMP, while increasing
the intracellular calcium concentration (6). In brain, the
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expression of the NPS/NPSR system has been demon-
strated in certain regions, including the hypothalamus,
amygdala, and locus coeruleus, which are closely involved
in the regulation of fear, anxiety, and stress response (5,
7). In animal studies, intranasal and central administration
of NPS was reported to inhibit anxiety and stress behav-
iors, while increasing locomotor activity (6,8).

Accumulating findings indicate the involvement of cen-
tral NPS in stress-related changes in gastrointestinal
(GI) motor functions (9); in fact, only a few studies inves-
tigated the effect of central NPS on large bowel motor
functions (9,10). However, to the best of our knowledge,
it has not been investigated whether NPS alleviates the
stress-induced alterations in the upper part of the Gl
tract. In rats, central injection of NPS has been shown
to reduce the stress-stimulated fecal output, while no
significant change was observed under basal conditions

(9).
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A recent study on rats demonstrated that central admin-
istration of NPS activated the orexin-A (OXA)-producing
neurons in the lateral hypothalamic area (LHA) (11). The
orexin receptor type-1 (OX1R) was detected in dorsal
motor nucleus of N. vagus (DMV) (12); in addition, cen-
tral OXA has been demonstrated to regulate gastric mo-
tor functions through vagal pathways (12,13). Therefore,
it appears possible that endogenous hypothalamic OXA
may mediate the NPS-induced alterations in GI motor
functions.

The present study was designed to investigate wheth-
er (i) central NPS alters gastric motor functions under
stressed conditions and whether (ii) NPS-induced chang-
es are mediated by OXA though OX1R.

MATERIALS AND METHODS

Animals

Adult male Wistar rats were kept separated at room
temperature with a 12 h light/12 h dark cycle. The
rats were fed with standard laboratory chow and tap
water. All experimental interventions were conduct-

ed with the approval of the Institutional Animal Care
and Use Committee at Akdeniz University School
of Medicine (with unique authorization number
B.30.2.AKD.0.05.07.00/88). To minimize the effect
of stress, the rats were acclimatized to handling for 7
days prior to the experimental procedures schemati-
cally summarized in Figure 1.

Intracerebroventricular cannulation

Under isoflurane (Baxter, Deerfield, IL, USA) anesthesia,
the rats were placed in a stereotaxic apparatus, and a
26G injection cannula was implanted into the right lat-
eral ventricle using the coordinates -0.8 mm to bregma,
+1.4 mm lateral to midline, and -4 mm below the skull
surface. The coordinates were obtained from the rat
brain atlas of Paxinos (14). The cannula was then fixed
with a pair of anchor screw and dental cement, and rats
were allowed to recover for 7 days. At the end of the
experimental protocol, proper cannula placement was
also verified by injecting methylene blue (10 pL, intra-
cerebroventricular [icv]) through each icv cannula. The
brain was quickly removed, and dye in ventricles was
then examined.
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Figure 1. Representative flow chart of the experimental design. Upper and lower parts of the figure represent experimental protocols of GE (A)
and gastric motility (B), respectively. The experiments were performed following a 7-day recovery period. Central NPS administration (10 nmol,
icv) was performed 15 min before feeding in GE measurements, whereas, it was applied 30 min after the initiation of ARS in motility recording.
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Acute restraint stress loading

The rats were fixed on a wooden plate with their trunks
wrapped in a confining harness, while they were able to
move their limbs and head but not their trunks, as de-
scribed elsewhere (15,16).

Recording of the gastric motility

In a separate group of rats, through a midline laparoto-
my, the stomach was exposed, and two miniature strain
gage transducers (Kyowa Electronic Instruments, Tokyo,
Japan) were implanted onto the serosal surface of the
antrum and pylorus. The wires of the transducers were
exteriorized from the back and covered by a jacket. Then,
the rats were allowed to recover for 7 days. Following an
overnight fasting, the spontaneous antral and pyloric
contractions were monitored in conscious, freely mov-
ing rats. After recording the basal fasting motor pattern
through a bridge amplifier and data acquisition system
(PowerLab 8/35, ADI instruments, Colorado Springs, CO,
USA) for 60-90 min, the rats were given pre-weighed pel-
lets (1.6 g). ARS was initiated after the coordinated post-
prandial antro-pyloric contractions were observed. The
central administration of NPS was performed through
an icv cannula, while the antro-pyloric contractions were
being recorded under stress. The antral and pyloric mo-
tility indices (MI) were calculated as the area under curve
(AUC) in the 30 min period before and after the central
NPS injection. The changes in M| were expressed as the
percentage of pre-injection period.

Drugs

All drugs were prepared freshly in artificial cerebrospi-
nal fluid (@CSF) on the experimental days, except SB-
334867, which was dissolved in dimethyl sulfoxide
(DMSO). NPS was administered (10 nmol, icv) 15 min
prior to the ARS loading. The pretreatment of selec-
tive OX1R antagonist SB-334867 (40 pg, icv) was per-
formed 10 min before the NPS injection. The present
doses of NPS (17) and SB-334867 (18) were used in our
previous rat studies. All icv injections were performed in
restrained rats by gently wrapping them in a soft cloth.
The drugs were applied in a volume of 5 pl, using a glass
gastight Hamilton syringe over the course of 60 sec. Fol-
lowing the injection, the needle was kept in place for at
least 30 sec.

Measurement of solid GE

As previously reported (16,19), prior to experiments, rats
underwent an overnight fasting. On the day of experi-
ment, animals were transferred to the plexiglass cages,
and pre-weighed pellets (1.6 g) were introduced. Imme-

diately after the completion of feeding, the rats were
loaded ARS for 90 min. The rats were euthanized under
isoflurane anesthesia, and their stomachs were removed.
The gastric content was collected and dried at room tem-
perature. After weighing, GE was calculated according to
the following formula:

%GE = 1-(weight of dried content / weight of pellet)x100

Immunohistochemistry

The brain sections were obtained from a separate group
of rats (n=3) following a cardiac perfusion with 4%
paraformaldehyde (PFA). After, the brain tissues were
post-fixed in 4% PFA +20% sucrose for at least 24h.
Then, 50-um-thick brain sections were cut using a
freezing microtome. The slices were labeled using rab-
bit anti-NPSR (1:200 dilution; ABN12, Merck Millipore,
Darmstadt, Germany). The antibody was diluted in 0.1
M phosphate buffered saline (PBS) (pH 7.4) containing
10% normal horse serum, 0.3% Triton X-100, and 0.01
M TRIS. The sections then were incubated with prima-
ry antibody for 24 h at room temperature and washed
in PBS containing 0.3% Triton X and 0.01 M TRIS and
incubated with secondary antibody (donkey anti-rabbit
conjugated with Alexa Fluor 568 for NPSR; 1:400; Invi-
trogen, Carlsbad, CA, USA) at room temperature for 24
h. After, the slices were mounted on glass slides, and the
images of paraventricular nucleus (PVN), LHA, and DMV
were captured using a fluorescent microscope equipped
with appropriate filters.

Statistical analysis

Statistical analyses were performed using the Graphpad
Prism software v.5. Data were expressed as mean+SEM.
Statistical analysis was performed according to one-
way or two way ANOVA followed by Tukey's post-hoc
or Bonferroni's post-hoc analysis, as appropriate. A
p-value<0.05 was considered as statistically significant.

RESULTS

Gastric postprandial motility

To investigate the mechanism underlying the exoge-
nous NPS-induced restoration of ARS-induced changes
in GE, the Gl-fed motor pattern was monitored in con-
scious and freely moving rats. Following an overnight
fasting, the basal motor pattern was recorded, and the
rats were then given 1.6 g of pellet. Approximately 30
min after the completion of feeding, the coordinated
antro-pyloric contractions were observed (Figure 2B).
Following ARS, the coordination of the antro-pyloric
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Figure 2. Effect of central NPS administration on the Gl-fed motor pattern in conscious freely moving rats. Coordinated spontaneous antro-
pyloric contractions were observed following feeding (A). The coordination of the antro-pyloric contractions was disturbed by ARS, and in
addition, the amplitudes were reduced especially in antrum (B). Vehicle (n=6) did not cause any significant effect (not shown in trace), whereas
the central administration of NPS (10 nmol, icv, n=6) restored the GI-fed motor pattern remarkably (C). For simplicity and better description, the
recording trace acquired from vehicle-injected rats was not included in A; the amplitudes were not scaled in B-D.
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Figure 3. The effect of central NPS administration on the antral and
pyloric MI. The Ml was calculated as AUC in the 30-min period before and
after the central NPS injection. The changes in Ml were expressed as the
percentage of the pre-injection period. Statistical analysis was performed

according to two-way ANOVA followed by Bonferroni's post-hoc
analysis. All values are means+SEM. **p<0.01; *p<0.05 vs vehicle.

contractions was disturbed (Figure 2C, n=6), while their
amplitudes were decreased remarkably, which was ob-
served more prominently in antrum (Figure 2A). Vehicle
injection did not have any effect on ARS-induced alter-
ations of antro-pyloric contractions. However, the cen-
tral NPS administration restored the fed motor pattern
completely (n=6) by recovering the coordination of the
antro-pyloric contractions (Figure 2D), while increasing
their amplitudes (Figure 2A). Compared with vehicle
(106.3%+13.7, n=5) and in antrum (92.1%+26.8, n=5
in corpus), central NPS administration significantly in-
creased the MI both in antrum (249.5%+33.2, p<0.01,
n=6) and pylorus (146.8%+29.6, p<0.05, n=6); however,
the NPS-induced changes were more remarkable in an-
trum (Figure 3).

Gastric emptying

Compared with NS rats (61.2+3.4%, n=6), ARS loading
for 90 min caused a significant delay (24.4+3.2%, p<0.01,
n=7) in solid GE. The ARS-induced delayed GE was re-
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stored completely (62.5+5.7%, p<0.01, n=7) by central
administration of NPS, which was abolished significant-
ly by pretreatment with selective OX1R antagonist SB-
334867 (38.9+2.7%, p<0.05, n=7), (Figure 4). The icv ad-
ministration of DMSO itself did not exert any noticeable
change in solid GE (data not shown).

Immunohistochemistry

The NPSR immunoreactivity was detected in PVN, LHA,
and DMV, where the corticotrophin releasing factor
(CRF)-producing, orexinergic, and excitatory vagal pre-
ganglionic cells reside, respectively (Figure 5).
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Figure 4. Effect of central NPS administration on ARS-induced
delayed solid GE in rats. Vehicle (5 pL of aCSF; n=6) or NPS (10 nmol
in 5 pL; n=7) was administered 15 min prior to the ARS loading,
whereas SB-334867 (40 pgin 5 pL; n=7) was pretreated 15 min
before the central NPS injection. Statistical analysis was performed
according to one-way ANOVA followed by a Tukey post-hoc test.
Data are means+SE. **p<0.01 vs aCSF; ##p<0.01 vs ARS; Tp<0.05 vs
ARS+NPS.

DISCUSSION

Our present findings demonstrated that central NPS ad-
ministration restored the ARS-induced delayed solid GE,
which appears to be mediated through the OXA/OX1R
system. Moreover, central exogenous NPS recovered the
impaired Gl-fed motor pattern, which is characterized
by uncoordinated antro-pyloric contractions. Our immu-
nohistochemical analyses revealed that NPSR is present
in DMV, in addition to the hypothalamic regions such as
PVN and LHA. These findings suggest that central exog-
enous NPS may exert its alleviative actions through the
mediation of OXA or acting directly on the stomach-pro-
jecting preganglionic cells in DMV.

In rats, ARS stimulates the release of CRF in the amyg-
dala and hypothalamic PVN, which in turn plays a pivotal
role in impairment of motor functions in the upper part
of Gl tract via central CRF2 receptors and peripheral a-2
adrenergic receptor-mediated sympathetic pathways by
impairing the coordination of postprandial antro-pyloric
contractions (3,20). Along with a group of cells in rostral
ventrolateral medulla, the preautonomic neurons in PVN
project directly to the sympathetic preganglionic neurons
in the spinal cord to maintain the sympathetic innervation
of the viscera (21). In our GE and motility measurements,
we found that ARS delayed the solid GE by impairing the
antra-pyloric coordination, which was alleviated by single
administration of central exogenous NPS. In contrast to
the study by Nakade and colleagues in which ARS was
found to enhance the postprandial gastric motility via a
vagal cholinergic pathway (20), we observed the inhibi-
tory effect of ARS both on antral and pyloric postpran-
dial contractions. It seems to be quite possible that the
amount of food and the duration of the pre-stress period
may play a role. Nakade and colleagues fed the rats with
3 g of chow and recorded gastric motor activities for 90

Figure 5. NPS immunoreactivity in coronal hypothalamic (A: PVN, B: LHA) and brainstem (C: DMV) sections (n=3). PVN, paraventricular nucleus;
LHA, lateral hypothalamic area; f, fornix; DMV, dorsal motor nucleus N. vagus; X, hypoglossal nucleus; CC, canalis centralis. The scale bar
represents 100 pm.
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min before the restraint stress loading. However, in our
study, the rats were introduced a 1.6 g of pellet, more-
over, the ARS loading was initiated immediately after
the acquisition of coordinated postprandial antro-pyloric
contractions. In the postprandial state, the gastric vagal
afferents detect the variety of mechanical stimuli includ-
ing distension and stretch, which ignite the vagally me-
diated signals to the brain stem. Therefore, the contrary
data of these studies could be potentially related to the
different patterns of meal-related signals that trigger the
vagovagal pathways.

It has been demonstrated previously that central admin-
istration of NPS increased the Fos-like immunoreactivity
in the OXA-positive cells in LHA (11). Moreover, in rats,
intra-LHA application of NPS-induced ethanol-seeking
behavior, which was blocked by the pretreatment of the
OX1R antagonist SB-334867 (22). These morphological
and functional findings suggest the mediation of that
central orexingergic system in NPS-induced changes in
Gl motor functions. In parallel, Kobashi and colleagues
showed that intra-DMV injection of OXA increased
the distal stomach motility, while relaxing the proximal
part via vagal pathway (23). In addition, central exoge-
nous OXA-induced stimulation of gastric acid secretion
and motility was demonstrated in rats (24). Indeed, the
expression of OX1R has been demonstrated in stom-
ach-projecting DMV neurons (12). Our immunofluores-
cence experiments indicated that the NPSR receptor is
expressed in the DMV neurons. Thus, although not con-
firmed in the present study, it is highly convincing that
the reparative effect of NPS on stress-induced impair-
ment of gastric contractions might be mediated by di-
rect stimulation of stomach-projecting vagal cholinergic
excitatory neurons.

Although the effect of central exogenous NPS on
stress-induced changes in Gl motor functions has not
been understood completely, there are findings suggest-
ing that NPS-induced alleviative actions could be me-
diated by decreased the tonus of central CRF. Petrella
and colleagues demonstrated that the central adminis-
tration of NPS significantly and depending on the dose
reduced the fecal pellet excretion and weight stimulated
by restraint stress and central exogenous CRF (9). The
amigdaloid synaptic circuits process fear and expression
of fear memories. NPS induces the release of glutamate
in the synaptic contacts to a subset of GABAergic inter-
neurons, which are axonally connected to central part of
the amygdala (CeA) (25). The dense expression of CRF
has been demonstrated in the CeA neurons, which rep-

resents the main output station of the amygdala to the
brain stem and hypothalamus (26).

On the other hand, in a recent rat study, central exoge-
nous NPS has been shown to induce somatodendritic re-
lease of oxytocin (OXT) in PVN, which harbors the major-
ity of CRF-producing neurons in the brain. Activation of
the OXT receptor in PVN causes a delay in the transcrip-
tion of the CRF gene (27). It has been previously shown
in rats that central OXT restored the stress-induced
delayed solid GE (28) and the ARS-induced disturbed
gastric postprandial motility (29). Therefore, either via
direct or OXT-induced indirect actions, it appears to the
be convincing that exogenous NPS may inhibit the CRF
signaling on the brain centers that regulate visceromotor
functions, such as PVN and dorsal vagal complex.

Anatomically, the NPS-producing cells are restrict-
ed located directly adjacent to the noradrenergic and
CRF-producing cells in LC and Barrington’s nucleus, re-
spectively (30). In addition, NPS is also expressed to a
lesser degree by the cells in lateral parabrachial nucleus
and principle trigeminal nucleus (7). Although the ex-
pression of NPS is restricted to the brainstem, the NPSR
is distributed widely in numerous brain regions, includ-
ing the hypothalamus and amygdala, the key modulator
centers of the central stress circuitry in the brain (7,31),
suggesting the putative regulatory role of central NPS in
stress response. Indeed, the NPS/NPSR system has been
receiving an increasing attention as a potential therapeu-
tic option for the treatment of anxiety- and stress-relat-
ed pathologies. In rodents, central administration of ex-
ogenous NPS has been demonstrated to attenuate the
anxiety and stress-related behaviors (5,32). Interestingly,
similar anxiolytic actions have been demonstrated in rats
receiving nasal application exogenous NPS (8,33).

Treatment of central nervous system (CNS) diseases is
considered a challenge as the blood-brain barrier (BBB)
restricts the entry of small, non-polar compounds. Intra-
nasal administration of drugs provides a direct access to
the therapeutic substances into the CNS; therefore, it
appears to be a useful alternative strategy to treat a va-
riety of diseases/disorders of the CNS, including stroke,
Parkinson's disease, multiple sclerosis, Alzheimer's dis-
ease, epilepsy, and psychiatric disorders (34). Indeed, a
functional NPSR gene polymorphism has been found to
be involved in the regulation of the neuroendocrine stress
response, while the carriers showed higher salivary corti-
sol levels and larger stress responses in humans (35). In
line with the latter findings, Domschke and colleagues
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demonstrated a female-dominant role of the NPSR gene
variation in individuals having panic disorder with height-
ened autonomic arousal and distorted processing of anx-
iety-relevant emotional stimuli (36). Therefore, intranasal
application of NPS appears to be a therapeutic approach
for treatment of patients with psychiatric illnesses such
as anxiety or panic disorders (8).

Taken together, central administration of NPS restored
the stress-induced gastric dysmotility, which was abol-
ished by an OXA antagonist. Although exogenous
NPS-induced restoration appears to be partly OXA de-
pendent, further studies are warranted to elucidate the
putative roles of other peptidergic systems, such as OXT
and/or CRF. Central NPSR might be a therapeutic target
for the treatment of stress-related functional disorders
such as FD.
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