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Urocortin 1 reduces food intake and ghrelin secretion via CRF»
receptors. Am J Physiol Endocrinol Metab 301: E72—-E82, 2011. First
published May 3, 2011; doi:10.1152/ajpendo.00695.2010.—Although
it is known that urocortin 1 (UCN) acts on both corticotropin-
releasing factor receptors (CRF; and CRF>), the mechanisms under-
lying UCN-induced anorexia remain unclear. In contrast, ghrelin, the
endogenous ligand for the growth hormone secretagogue receptor,
stimulates food intake. In the present study, we examined the effects
of CRF; and CRF, receptor antagonists (CRF;a and CRF»a) on
ghrelin secretion and synthesis, c-fos mRNA expression in the caudal
brain stem, and food intake following intracerebroventricular admin-
istration of UCN. Eight-week-old, male Sprague-Dawley rats were
used after 24-h food deprivation. Acylated and des-acylated ghrelin
levels were measured by enzyme-linked immunosorbent assay. The
mRNA expressions of preproghrelin and c-fos were measured by
real-time RT-PCR. The present study provided the following impor-
tant insights into the mechanisms underlying the anorectic effects of
UCN: /) UCN increased acylated and des-acylated ghrelin levels in
the gastric body and decreased their levels in the plasma; 2) UCN
decreased preproghrelin  mRNA levels in the gastric body;
3) UCN-induced reduction of plasma ghrelin and food intake were
restored by CRF»a but not CRF,a; 4) UCN-induced increase of c-fos
mRNA levels in the caudal brain stem containing the nucleus of the
solitary tract (NTS) was inhibited by CRF»a; and 5) UCN-induced
reduction of food intake was restored by exogenous ghrelin and
rikkunshito, an endogenous ghrelin secretion regulator. Thus, UCN
increases neuronal activation in the caudal brain stem containing NTS
via CRF, receptors, which may be related to UCN-induced inhibition
of both ghrelin secretion and food intake.

corticotropin-releasing factor receptors; dorsal vagal complex; rikkun-
shito; digestive system hormone; anorexia

STRESSFUL LIFE EVENTS have been associated with the onset or
symptom exacerbation of several functional gastrointestinal
disorders including functional dyspepsia and irritable bowel
syndrome (24). Corticotropin-releasing factor (CRF) is a key
mediator in the central nervous system and is secreted as an
adaptive response to stress. In rodents, central CRF adminis-
tration induces stress-like behaviors, including increased de-
pression, decreased rearing activity, and suppression of food
intake (5, 50). Urocortin 1 (UCN), a member of the mamma-
lian CRF family, bears 45% sequence identity to CRF and acts
as an endogenous ligand for CRF receptors (49). Although
CRF and UCN mediate their actions through the activation of
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CRF; and CRF; receptors, CRF and UCN display different
binding affinities for these receptors. CRF preferentially binds
to CRF; receptors, whereas UCN shows high affinity for both
receptors; we therefore believe that UCN is useful for exam-
ining the actions of both CRF; and CRF, receptors. Central
UCN administration suppresses feeding in rats and mice, and
the suppression was shown to be at least partly CRF, mediated
in studies that used selective antagonists (7) or antisense
oligonucleotides (38). In addition, the initial effect of food
intake inhibition after central UCN injection is absent in mice
lacking CRF; receptors (4). Whereas CRF; receptors mediate
immediate mobilization of avoidance, defensive responses to
threats, and acute interruption of feeding and digestion, CRF,
receptors mediate long-term responses by postponing appetite
and digestion and modulating anxiety-like behaviors (57).
Furthermore, CRF; and CRF, receptor pathways play impor-
tant roles in stress-related alterations of feeding behavior and
gut motor functions (41).

Ghrelin is a digestive system hormone, originally identified
in the stomach as the endogenous ligand for the growth
hormone secretagogue receptor GHS-R1a (15). In addition to
the promotion of growth hormone secretion, ghrelin displays a
wide spectrum of biological functions, including appetite stim-
ulation, gastrointestinal motility, gastric acid secretion, glucose
metabolism, cardiovascular action, and immune system mod-
ulation (48). The afferent vagus nerve is the major pathway
conveying peripheral ghrelin signals to the brain, and the
orexigenic effects of peripheral ghrelin are mainly mediated
via the arcuate and paraventricular nuclei of the hypothalamus,
a region involved in appetite regulation (9, 34). Ghrelin is the
only known circulating orexigen, and most circulating ghrelin
is produced in the stomach; reduction in the ghrelin concen-
tration was observed after gastrectomy (1). Circulating ghrelin
levels are regulated by acute and chronic energy statuses; i.e.,
its circulating levels increase during fasting and decrease with
refeeding (11). In addition, the circulating levels are responsive
to chronic stress (21, 28). Although several neurotransmitters
and neuropeptides are reported to be involved in gastric ghrelin
secretion (13, 27), their mechanisms remain unclear. The
brain-gut axis plays an important role in gastrointestinal motor
functions and appetite regulation, and the autonomic nervous
system (ANS) forms a major link between the brain and
stomach (16). ANS and stress hormones that act on ANS may
both be involved in the regulation of gastric ghrelin secretion
(13, 55).

It has been reported that UCN acutely increased whole body
oxygen consumption and body temperature via central activation
of sympathetic outflow (10). In addition, central UCN adminis-
tration increases Fos immunoreactivity in the brain sites known to
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be involved in the control of appetite and energy homeostasis,
e.g., the ventromedial hypothalamic nucleus (VMH), arcuate
nucleus (ARC), central nucleus of the amygdala (CeA), paraven-
tricular nucleus (PVN), and nucleus of the solitary tract (NTS)
(3, 8, 37). The dorsal vagal complex (DVC), including NTS, is
apparently crucial in the regulation of upper gastrointestinal
functions; it is the brain stem integrative center that mediates
the satiety reflex and relays autonomic neural responses to
stress (6).

In the present study, we examined the effect of intracere-
broventricular (icv) administration of UCN on ghrelin synthe-
sis and secretion and the involvement of CRF, and CRF,
receptors in this process. Gastric body and plasma ghrelin
concentrations were measured as indicators of ghrelin secre-
tion, and preproghrelin mRNA levels in the gastric body and
hypothalamus were measured as indicators of ghrelin synthe-
sis. In addition, using c-fos mRNA expression as a marker,
involvement of CRF; and CRF, receptors in neuronal activa-
tion in the caudal brainstem containing DVC was measured
after icv injection of UCN.

MATERIALS AND METHODS

Experimental animals. Seven-week-old, male Sprague-Dawley rats
weighing 210-230 g were purchased from Japan SLC, (Shizuoka,
Japan). Rats were anesthetized by intraperitoneal (ip) injection of
pentobarbital sodium (50 mg/kg) and placed on a stereotaxic frame. A
stainless steel guide cannula (AG-8; Eicom, Kyoto, Japan) was
implanted into the right lateral ventricle (coordinates: 0.8 mm poste-
rior and 1.4 mm right lateral from the bregma, and 3.4 mm ventral
from the skull surface) using a rat brain atlas (31). The rats were
allowed to recover for more than 5 days before the experiments. All
animals were housed in stainless steel cages maintained at a room
temperature of 23 * 2°C, relative humidity of 55 = 10%, and a
12:12-h light-dark cycle (lights on from 0700 to 1900 daily). Rats
were handled daily for 5 min by the investigators to minimize stress
during experiments. Rats were manually restrained, and intravenous
injections in rats were given by skilled investigators. Access to
standard laboratory food was stopped 24 h before all experiments.
Excluding food intake experiments, all experiments were performed
between 0800 and 1300 to avoid confounding variables from the
effect of diurnal rhythm. The food intake experiments were performed
between 0800 and 1600.

All experimental procedures were performed according to the
Guidelines for the Care and Use of Laboratory Animals and were
approved by the Laboratory Animal Committee of Tsumura & Co.
The animal protocol numbers applicable to the present study are
09-163, 10-023, 10-149, and 10-150.

Drugs and reagents. Rat UCN and acylated ghrelin were purchased
from Peptide Institute (Osaka, Japan); NBI27914 hydrochloride
(NBI27914), a CRF; receptor antagonist, was purchased from Wako
Pure Chemical Industries (Osaka, Japan), and astressin,B trifluoroac-
etate salt (astressin,B), a CRF, receptor antagonist, was purchased
from Sigma-Aldrich Chemical (St. Louis, MO); the GHS-R antagonist
(p-Lys3)-GHRP-6, was purchased from Bachem (Torrance, CA).
Rikkunshito was used in the form of a powdered extract obtained by
spray-drying a hot water extract of the following eight crude drugs:
Atractylodis lanceae rhizoma (4.0 g), Ginseng radix (4.0 g), Pinelliae
tuber (4.0 g), Hoelen (4.0g), Zizyphi fructus (2.0 g), Aurantii nobilis
pericarpium (2.0 g), Glycyrrhizae radix (1.0 g), and Zingiberis rhi-
zoma (0.5 g). Other reagents used for analysis were of the highest
purity that were commercially available.

Effects of UCN on food intake, gastric emptying, and gastric acid
secretion during CRF; or CRF> receptor blockade. UCN and
astressin,B were dissolved in phosphate-buffered saline (PBS, pH

6.9), and a solution of NBI27914 in 100% ethanol (final concentration
of ethanol 0.1%) was suspended in PBS (pH 6.9). We had previously
confirmed that PBS containing 0.1% ethanol did not affect feeding.
PBS served as the vehicle control. Rats were administered intracere-
broventricularly with PBS, CRF receptor antagonists, UCN, or UCN/
CREF receptor antagonists. The doses of UCN used in the present study
were selected on the basis of a study that characterized the anorectic
effects of UCN (Fig. 1A4). The doses of CRF antagonists used in the
present study were selected on the basis of those reported by other
researchers (2, 33) and preliminary studies that characterized the
effects of CRF antagonists on UCN-induced anorexia. UCN (300
pmol/5 wl) and CRF receptor antagonist (12 nmol/5 w1 NBI27914 or
2 nmol/5 pl astressin,B) were mixed. The total volume administered
intracerebroventricularly was 10 wl per animal. After icv injections, a
preweighed amount of chow was distributed to each cage. Food intake
was measured at 1, 2, 4, and 6 h after icv injections.

In another set of experiments, evaluating gastric emptying, fluo-
rescein-labeled dextran (FD70; 12.5 mg/0.5 ml per rat; Invitrogen,
Carlsbad, CA) was administered orally as a nonabsorbable marker to
rats 30 min after icv injections. Rats were euthanized 30 min later, and
their stomachs were excised immediately. The gastric contents labeled
with FD70 were collected in 5 ml of PBS. The supernatant was passed
through 0.45-pm filters (Millipore, Bedford, MA), and the absorbance
was measured at wavelengths of 490 and 520 nm using the UV-1200
spectrophotometer (Shimadzu, Kyoto, Japan). Gastric emptying was
calculated as gastric emptying (%) = 100 — (A/B) X 100, where A
represents the amount of FD70 remaining in the stomach and B the
total amount administered.

Measurement of gastric acid secretion was performed according to
a procedure described previously (54). The gastric juice was harvested
4 h after icv injection, and gastric acid output was measured by
titration against 0.01 M NaOH.

Determination of ghrelin levels. Rats were divided into four groups
(n = 8) and euthanized at 0, 1, 2, and 4 h after icv injection of UCN
(300 pmol/10 l); blood and gastric samples were then collected. In
another set of experiments, rats were divided into four groups (n = 8)
and euthanized 2 h after icv injection of PBS, UCN, UCN + NBI
27914, or UCN + astressin,B; blood samples were then collected.

Blood (~4 ml) from decapitated rats was collected in polypropyl-
ene tubes containing 5.0 mg EDTA and 2,000 kIU aprotinin and
centrifuged at 10,000 g at 4°C for 3 min. The supernatant was
acidified with 1 mol/l HCI (1/10 vol) and stored at —80°C until the
ghrelin assay.

The gastric body was removed from decapitated rats and rinsed
with saline. The rinsed tissue sample was boiled in water for 7 min
and acidified with 1 mol/l HCI after cooling. Samples were then
homogenized and centrifuged at 10,000 g at 4°C for 3 min. The
supernatant was stored at —80°C until ghrelin assay.

The ghrelin level was determined using Active Ghrelin or Des-acyl
Ghrelin Enzyme-Linked Immunoassay Kits (Mitsubishi Chemical
Medicine, Tokyo, Japan). The lowest detectable levels of acylated
ghrelin and des-acylated ghrelin were 2.7 and 12.3 fmol/ml, respec-
tively. The intra-assay coefficients of variation for acylated ghrelin
and des-acylated ghrelin were 0.8—4.8% and 2.2-5.5%, respectively,
and the interassay coefficients of variation for acylated ghrelin and
des-acylated ghrelin were 2.8—6.4% and 1.9-9.0%, respectively.

Real-time RT-PCR mRNA expression assay. Rats were divided into
four groups (n = 8) and euthanized at 0, 1, 2, and 4 h after icv
injection of UCN (300 pmol/10 wl), and the hypothalamus and gastric
body were removed. In another set of experiments, rats were divided
into four groups (n = 15-17) and euthanized at 1, 2, and 4 h after icv
injection of PBS, UCN, UCN + NBI 27914, or UCN + astressin.B.
Gastric body and caudal brain stem samples (taken from the coronary
side and including a 1-mm section of DVC) were collected.

Total RNA was extracted from the isolated gastric body using the
RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. Quantitative gene expression analysis
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Fig. 1. Effects of corticotropin-releasing factor
(CRF) receptor antagonists on food intake, gas-
tric emptying, and gastric acid secretion in rats
after intracerebroventricular (icv) injection of
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was performed by real-time RT-PCR according to a procedure described
previously (26). TagMan Gene Expression Master Mix (Applied Bio-
systems) and Assays-on-Demand Gene Expression probes (GHRL:
Rn00572319_m1; FOS: Rn02396759_m1; S18rRNA: Hs99999901_s1;
RPS29: Rn00820645_g1; Applied Biosystems) were used in subsequent
PCR reactions according the manufacturer’s instructions. All real-time
RT-PCR reactions were performed in triplicate.

In situ hybridization. Rats were divided into four groups (n = 2),
anesthetized with pentobarbital sodium (50 mg/kg ip) at 0, 1, 2, and
4 h after icv injection of UCN (300 pmol/10 wl), and then transcar-
dially perfused with saline, followed by tissue fixative (Genostaff,
Tokyo, Japan). In another set of experiments, rats were divided into
two groups (n = 4), anesthetized with pentobarbital sodium (50 mg/kg
ip) 1 h after icv injection of PBS or UCN (300 pmol/10 l), and then
transcardially perfused with saline followed by tissue fixative (Gen-
ostaff). Following perfusion, the rat brains were dissected. Fixed
whole brains were cut along the coronary plane, embedded in paraffin,
and sectioned at 6 wm. Paraffin-embedded tissue blocks and sections
of rat brain for in situ hybridization were prepared according to
procedures described previously (26). The cDNA template used for

Fos was a 458-base pair fragment corresponding to bases 884 —1341
of Fos ¢cDNA (GenBank accession no. NM_022197.2). Sense and
antisense cRNA probes for Fos mRNA were synthesized using the
DIG RNA Labeling Kit (Roche, Basel, Switzerland) according to the
manufacturer’s protocol. c-Fos mRNA-positive cells were counted in
four brain sections, and the average value was used.

Effects of acylated ghrelin and rikkunshito on food intake in
UCN-injected rats. We first investigated the effect of a bolus injection
of acylated ghrelin on food intake in rats administered UCN (300
pmol/10 wl). Acylated ghrelin (10 nmol/kg) was intravenously ad-
ministered into the tail vein of rats 1 min after icv injection of UCN
(300 pmol/10 pl). Preweighed chow was supplied to each cage
following administration of acylated ghrelin. Cumulative food intake
was calculated for 1, 2, and 4 h, immediately after acylated ghrelin
administration. In another set of experiments, we investigated the
effect of rikkunshito on the cumulative food intake at 1, 2, 4, and 6 h
after icv injection of UCN (300 pmol/10 wl). Rikkunshito, a tradi-
tional Japanese medicine, increases plasma acylated ghrelin levels in
healthy human volunteers, normal mice, and cisplatin-treated rats (23,
43). Therefore, we used rikkunshito as an endogenous acylated
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ghrelin secretion regulator in this experiment. Distilled water (10
ml/kg) or rikkunshito (1,000 mg/kg) was orally administered to rats.
After 2 h, saline or (p-Lys3)-GHRP-6 (4 pmol/kg) was injected
intravenously into the tail vein of rats 1 min after icv injection of PBS
or UCN (300 pmol/10 wl). Cumulative food intake was calculated for
1, 2, 4, and 6 h, beginning immediately after icv injection.

Statistical analysis. All values are represented as means * SE.
Statistical significance was evaluated by a one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s 7-test or Student’s #- test. Food
intake data in this study were analyzed by two-way ANOVA. Sources
of significant differences contributing to significant main effects after
ANOVA were identified with a post hoc test (Dunnett’s or Tukey-
Kramer). P < 0.05 was considered statistically significant.

RESULTS

Effects of UCN on food intake, gastric emptying, and gastric
acid secretion during CRF; or CRF receptor blockade. The
icv injection of UCN at doses of 100 and 300 pmol per rat
significantly decreased the 24-h cumulative food intake in rats
deprived of food for 24 h compared with PBS-injected rats
(P < 0.05) (Fig. 1A). In accordance with this result, the 300
pmol dose of UCN was used in subsequent experiments. The
icv injection of NBI27914 at a dose of 12 nmol per rat or
astressinyB at a dose of 2 nmol per rat did not affect cumulative
food intake in rats without UCN injection (Fig. 1B). The icv
injection of NBI27914 (12 nmol per rat) failed to alter the
UCN-induced decrease in cumulative food intake, whereas icv
injection of astressin,B (2 nmol per rat) significantly increased
the cumulative food intake in UCN-treated rats (Fig. 1C). As
shown in Fig. 1D, food intake per hour decreased between O
and 2 h but not between 2 and 6 h after icv injection of UCN.
The decrease in food intake between 0 and 2 h was blocked by
astressin,B.
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Gastric emptying and acid secretion in rats decreased
significantly (P < 0.01, P < 0.05, respectively) after icv
injection of UCN vs. those after icv injection of PBS. The
UCN-induced decrease in gastric emptying and acid secre-
tion was restored by astressin,B but not by NBI27914 (Fig.
1, E and F).

Acylated and des-acylated ghrelin levels in gastric body and
plasma after icv injection of UCN. To investigate the effect of
UCN on the secretion of acylated ghrelin, and des-acylated
ghrelin, gastric body and plasma ghrelin levels were mea-
sured after icv injection of UCN. The levels of acylated and
des-acylated ghrelin in the gastric body were significantly
increased within 2 h in response to UCN administration
(P < 0.05). Although increased acylated ghrelin levels in
the gastric body decreased to basal levels at the end of 4 h,
those of des-acylated ghrelin did not (Fig. 2, A and B). In
contrast, after icv injection of UCN, the levels of acylated
and des-acylated ghrelin in plasma were significantly de-
creased at 1 and 2 h and at 1, 2, and 4 h, respectively (Fig.
2, C and D). The time-dependent changes in both acylated
and des-acylated ghrelin levels after icv injection of UCN
revealed an inverse correlation between gastric and plasma
ghrelin levels.

Preproghrelin mRNA expression in gastric body and hypo-
thalamus after icv injection of UCN. To investigate the effect
of UCN on ghrelin synthesis, preproghrelin mRNA expression
in the gastric body and hypothalamus was measured after icv
injection of UCN. Gastric body preproghrelin mRNA levels
significantly decreased 1 and 2 h after icv injection of UCN
(Fig. 3A) but recovered to basal levels by the end of 4 h. In
contrast, preproghrelin mRNA levels in the hypothalamus
remained unchanged (Fig. 3B).

Acyl ghrelin level in gastric body

(pmol/mg protei
2N WA U DN ®

oo o6 &6 6 68 o6 6

Des-acyl ghrelin level in gastric body
(pmol/mg protein)

N A O ®
o & & &

Fig. 2. Acylated and des-acylated ghrelin lev-

oh 1h 2h 4h 0h 1h 2h 4h - :
- els in the gastric body (A and B) and plasma
Control Urocortin (300 pmol/rat) E Control Urocortin (300 pmol/rat) (C and D) after icv injection of UCN. Col-
— C 3 D umns express means * SE (n = 6-8). Sig-
£ £ nificance with post hoc Dunnett’s #-test follow-
2 120 s 600 ing one-way ANOVA: *P < 0.05 and **P <
= E 0.01 vs. pre-UCN injection (control).
£ 100 21 4
7]
L £
S 80 1 " 3 400 .
= o 3 y ok
3 60 - 2 300
2 £
- 3
£ 40 4 £ 200
@ (=2}
5 20 1 g 100
3 g
0 g 0
E‘ oh 1h 2h 4h g Oh 1h 2h 4h
Control Urocortin (300 pmol/rat)

Control Urocortin (300 pmol/rat)

AJP-Endocrinol Metab « VOL 301 « JULY 2011 - www.ajpendo.org

€10z ‘8z Indy uo 00Sg3 1e /Bio ABojoisAyd-opuadle//:dny woiy papeojumoq



http://ajpendo.physiology.org/

E76 INHIBITION OF GHRELIN SECRETION BY UROCORTIN 1

A gastric body

Oh 1h 2h 4h

UCN (300 pmol/head)

A @© ©® o N
=) =] =] 8 »

% of Control (GHRL/ 18S rRNA)
S

o

Control

w

hypothalamus

140 1 —L _L

120 1
ol L 1
80 1
60 1
40 1
20 1

% of Control (GHRL/ RPS29)

0
Oh 1h 2h 4h

Control UCN (300 pmol/head)

Fig. 3. Preproghrelin mRNA expressions in the gastric body (A) and hypo-
thalamus (B) after icv injection of UCN. Columns express means = SE (n =
8). Significance with post hoc Dunnett’s #-test following one-way ANOVA:
*P < 0.05 and **P < 0.01 vs. pre-UCN injection (control). Quantitative gene
expression analysis was performed by real-time RT-PCR using ribosomal
protein S29 or 18S ribosomal RNA as the reference gene.

Effects of CRF receptor antagonists on plasma ghrelin and
gastric preproghrelin mRNA expression levels after icv injec-
tion of UCN. Plasma acylated and des-acylated ghrelin levels
in rats after icv injection of UCN (300 pmol per rat) were
significantly decreased compared with those in PBS-injected
animals (P < 0.01, P < 0.05; Fig. 4, B and D). Plasma acylated
and des-acylated ghrelin levels decreased after icv injection of
UCN were restored by astressin,B but not by NBI27914 (Fig.
4, B and D). The level of gastric preproghrelin expression in
rats following icv injection of UCN (300 pmol per rat) was
significantly lower (P < 0.05) than that in PBS-injected rats
(Fig. 4F). There was a tendency for astressin,B to restore the
decreased level of gastric preproghrelin expression; however,
there was no significant difference between the UCN-injected
and UCN + astressin,B groups (Fig. 4F).

The icv injection of NBI27914 or astressin,B did not affect
plasma ghrelin and gastric preproghrelin mRNA levels in rats
without UCN injection (Fig. 4, A, C, and E).

Effects of acylated ghrelin and rikkunshito on food intake in
UCN-administered rats. A bolus injection of acylated ghrelin
induced a significant increase in cumulative food intake at 1
and 2 h after icv injection of UCN compared with that after icv
injection of saline (Fig. 5A). Rikkunshito, an endogenous

ghrelin secretion regulator, effectively recovered the decrease
in cumulative food intake induced by UCN (Fig. 5B). Although
the GHS-R1 antagonist (p-Lys3)-GHRP-6 did not affect the
cumulative food intake induced by UCN, the effect of rikkun-
shito was blocked by (p-Lys3)-GHRP-6 (Fig. 5B).

c-fos mRNA expression in hypothalamus and caudal brain-
stem after icv injection of UCN. By use of c-fos mRNA
expression as a marker, neural activation in the hypothalamus
and caudal brainstem following icv injection of UCN was
examined. c-fos mRNA was detected by in situ hybridization.
The c-fos mRNA expression in the hypothalamus and caudal
brainstem reached a peak at 1 h and increased until 4 h after
UCN injection (data not shown). In the hypothalamus, ARC
and VHM showed an increased number of c-fos mRNA-
positive cells after UCN injection (Fig. 6A and Table 1). The
increase in c-fos mRNA expression by UCN was significant in
PVN (Fig. 6B and Table 1). In the caudal brain stem, c-fos
mRNA expression was hardly observed in the dorsal motor
nucleus of the vagus (DMV) after icv injection of UCN (Fig.
6C). In contrast, an increase in c-fos mRNA was observed in
NTS after icv injection of UCN (Fig. 6C and Table 1). The
increase in c-fos mRNA expression by UCN was slight in CeA
(P = 0.009) of the forebrain and in the rostral ventrolateral
medulla (P = 0.063) of the hindbrain (Table 1).

Effects of CRF antagonists on c-fos mRNA expression in
caudal brain stem containing DVC after icv injection of UCN.
The involvement of both CRF; and CRF, receptors in neural
activation in the caudal brainstem containing DVC following
icv injection of UCN was examined. c-fos mRNA was detected
by real-time RT-PCR. Measurement of c-fos mRNA expres-
sion levels in the caudal brain stem containing DVC by
real-time RT-PCR demonstrated a significant difference be-
tween the PBS- and UCN-injected groups (Fig. 7). The in-
creases of c-fos mRNA expression at 2 and 4 h after UCN
injection were reduced significantly by astressin,B but not by
NBI27914 (P < 0.05).

DISCUSSION

The present study provided the following important insights
into the mechanisms underlying the anorectic effects of UCN:
1) UCN increased acylated and des-acylated ghrelin levels in
the gastric body and decreased their levels in the plasma;
2) UCN decreased preproghrelin mRNA levels in the gastric
body; 3) UCN-induced reduction of plasma ghrelin and food
intake were restored by CRF, receptor antagonist but not CRF;
receptor antagonist; 4) UCN-induced increase of c-fos mRNA
levels in the caudal brain stem containing the NTS was inhib-
ited by CRF, receptor antagonist; and 5) UCN-induced reduc-
tion of food intake was restored by exogenous ghrelin and
rikkunshito, an endogenous ghrelin secretion regulator.

Ghrelin consists of two forms: active (acylated ghrelin) and
inactive (des-acylated ghrelin) (48). Most plasma ghrelin is
produced in the stomach, as demonstrated by the reduction in
ghrelin concentration after gastrectomy (1). In the present
study, icv injection of UCN induced a decrease in plasma
acylated and des-acylated ghrelin levels and an increase in
gastric acylated and des-acylated ghrelin levels. In addition,
time-dependent changes in both acylated and des-acylated
ghrelin levels after icv injection of UCN revealed an inverse
correlation between gastric and plasma ghrelin levels. These
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Fig. 4. Effects of CRF antagonists on levels
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results suggest that icv injection of UCN has an inhibitory
effect on ghrelin secretion from the stomach into the circula-
tion. Interestingly, although both the decreased level of plasma
acylated ghrelin and the elevated level of gastric body acylated
ghrelin were restored to basal levels 4 h after icv injection of
UCN, the levels of des-acylated ghrelin were not restored.
Ghrelin-producing cells exist as two types in the rat gastroin-
testinal tract (26), closed- and opened-type cells. Acylated
ghrelin exists in closed-type cells, while des-acylated ghrelin
exists in both closed- and opened-type cells (25). The differ-

Urocortin (300 pmol/rat)

ential localization of acylated and des-acylated ghrelin in the
rat stomach accounts for their different responses to intragas-
tric pH (25). We speculate that the difference in time-depen-
dent changes in both acylated and des-acylated ghrelin levels
after icv injection of UCN may result from changes in ghrelin
O-acyltransferase activity, which converts des-acylated ghrelin
to acylated ghrelin, and/or the differential secretory regulation
of acylated and des-acylated ghrelin.

Although ghrelin is predominantly produced in the stomach,
small amounts are also produced in the hypothalamus. It has
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Fig. 5. Effects of acylated ghrelin (A) and rikkunshito (B) on food intake in
UCN-injected rats. A: saline or acylated ghrelin (10 nmol/kg iv) was administrated
into the tail vein of rats 1 min after icv injection of PBS or UCN (300 pmol/10 p.l).
Points express means = SE (n = 6). Factorial two-way ANOVA revealed
significant effects of treatment [F(2,60) = 20.909, P < 0.001] and time [F(3,60) =
6.692, P < 0.001]. There was no significant effect of treatment X time [F(6,60) =
0.432, P = 0.855]. Significance with post hoc analyses (Dunnett’s #-test) following
ANOVA is indicated (*P < 0.05 or **P < 0.01 vs. UCN/saline group).
B: distilled water (10 ml/kg) or rikkunshito (1,000 mg/kg) was administered orally
in rats. After 2 h, saline or (D-Lys3)-GHRP-6 (4 pwmol/kg iv) was administrated
into the tail vein of rats 1 min after icv injection of PBS or UCN (300 pmol/10 p.l).
Points express means = SE (n = 7-8). Factorial two-way ANOVA revealed
significant effects of treatment [F(4,124) = 60.422, P < 0.001] and time [F(3,124) =
26.750, P < 0.001]. There was no significant effect of treatment X time
[F(12,124) = 0.897, P = 0.552]. Significance with post hoc analyses (Tukey-
Kramer) following ANOVA: *P < 0.05 or **P < 0.01 vs. DW/UCN/saline group
or #P < 0.05 or #P < 0.01 vs. rikkunshito/UCN/saline group.

been reported that the mechanisms of ghrelin synthesis in
appetite regulation may differ between these two locations
because preproghrelin mRNA expression in the stomach in-
creases, whereas that in the hypothalamus decreases, after
fasting (36). Therefore, we examined preproghrelin mRNA
expression in these two locations after icv injection of UCN.
UCN administration reduced the level of preproghrelin mRNA
in the gastric body but not in the hypothalamus. Because
inhibition of ghrelin secretion by UCN leads to accumulation
of ghrelin in the stomach, the decrease of preproghrelin mRNA
expression in the stomach may be transiently induced by a
feedback mechanism in response to this accumulation.

CRF and UCN mediate their effects via two receptor sub-
types, CRF; and CRF, (57). Because UCN binds and activates

both CRF receptors with similarly high nanomolar potency
(19, 57), UCN is useful for examining the actions of these
receptors. To clarify the relative contributions of CRF receptor
subtypes to the decrease in circulating ghrelin levels induced
by UCN, we examined the effects of a selective CRF; receptor
antagonist (NBI27914) and a CRF, receptor antagonist
(astressinp,B) on plasma ghrelin levels following icv injection
of UCN. Administration of the CRF; receptor antagonist re-
stored the decrease in circulating ghrelin levels induced by
UCN, whereas that of the CRF, receptor antagonist did not.
These results suggest that inhibition of ghrelin secretion from
the stomach into circulation by icv injection of UCN may be
induced via a central CRF; receptor.

CREF receptors are expressed in specific regions of the brain;
however, they are also detectable in peripheral sites, including
the gastrointestinal tract and heart (40). Peripheral administra-
tion of UCN or CRF induces inhibition of gastric emptying and
a reduction in food intake (22, 45). The effects induced by
peripheral administration of UCN or CRF are inhibited by
peripheral but not by central administration of CRF receptor
antagonists (18, 53). These results indicate that the signaling
systems involved in central and peripheral CRF receptors are
independent. Furthermore, UCN and CRF are known to pro-
duce prolonged hypotension when administered systemically
and transient hypertension when administered centrally (39,
55). To rule out the possibility that the decrease of ghrelin
secretion induced by central administration of UCN (300
pmol/10 pl per rat) was produced by indirect effects due to
leakage of the peptide into the peripheral bloodstream, we
measured arterial blood pressure in freely moving rats after
central administration of UCN. Peripheral (intravenous) UCN
had reduced the mean arterial blood pressure (MAP) at 10 min
after administration (mean * SD: —5.5 = 2.12 mmHg), while
central, i.e., icv, administration of the same amount mildly
increased MAP, 30 min after administration (mean * SD:
+4.67 = 2.65 mmHg). These observations support the hypoth-
esis that inhibition of ghrelin secretion from the stomach into
circulation by icv injection of UCN may be induced via a
central CRF; receptor.

In the present study, decreased food intake, delayed gastric
emptying, and decreased gastric acid secretion induced by
UCN were recovered by icv injection of a CRF, receptor
antagonist. Because ghrelin stimulates food intake, gastric
emptying, and gastric acid secretion (48), the decrease of
ghrelin secretion after icv injection of UCN may be involved in
the onset of decreased food intake, delayed gastric emptying,
and decreased gastric acid secretion. To determine whether
supplemental acylated ghrelin or endogenous acylated ghrelin
secretion regulators reverse the decrease of food intake pro-
duced by UCN, we examined the effects of acylated ghrelin
and rikkunshito on food intake in UCN-injected rats. Because
it has recently been reported that rikkunshito, a traditional
Japanese medicine, stimulates the secretion of endogenous
acylated ghrelin in rats, mice, and humans (23, 44), we used
rikkunshito as an endogenous acylated ghrelin secretion regu-
lator. The present study demonstrated that supplementation
with acylated ghrelin and rikkunshito reversed the decrease of
food intake produced by UCN. These results further suggest
that the decrease of food intake after icv injection of UCN may
be partly due to the decrease of circulating ghrelin levels. In
addition, although cumulative food intake for 6 h was de-
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B PVN

1) PBS-injected rats 2) UCN-injected rats

A ARC and VMH
1) PBS-injected rats

2) UCN-injected rats

C AP, NTS and DMN
1) PBS-injected rats 2) UCN-injected rats

Fig. 6. c-fos mRNA expression in the hypothalamus and dorsal vagal complex (DVC) after icv injection of UCN by in situ hybridization. c-fos mRNA
expressions were measured at 1 h after icv injection of PBS or UCN (300 pmol/rat). ARC, arcuate nucleus; VMH, ventromedial hypothalamic nucleus; PVN,
paraventricular nucleus; PalLM, paraventric hy, lat magnocell; PaMP, paraventric hy, med parvicell; PaV, paraventricular hy nu, ventral; 3V, 3rd ventricle; NTS,
nucleus of the solitary tract; DMN, dorsal vagal nucleus; AP, area postrema; 4V, 4th ventricle.
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Table 1. Effects of icv injection of UCN on c-fos mRNA
expression in several brain regions

Mean Number of c-fos mRNA-Expressing Cells

Brain region PBS UCN P Value
ARC 3+2 75*9 <0.001
VMH 7=*1 182 * 36 <0.01
PVN 29+9 927 £ 70 <0.001
CeA 5x2 47 = 19 0.069
NTS 4=x1 87 =16 <0.01
RVLM 5x2 47 = 18 0.063

Values are means = SE; n = 4. c-fos mRNA expressions were measured at
1 h after icv injection of PBS or urocortin 1 (UCN; 300 pmol/rat). ARC,
arcuate nucleus; VMH, ventromedial hypothalamic nucleus; PVN, paraven-
tricular nucleus; CeA, central nucleus of the amygdala; NTS, nucleus of the
solitary tract; RVLM, rostral ventrolateral medulla. Effect of UCN on c-fos
mRNA expression was compared to that of PBS using Student’s #-test.

creased by UCN, food intake per hour was decreased between
0 and 2 h but not between 2 and 6 h, after icv injection of UCN.
Plasma acylated ghrelin levels decreased at 1 and 2 h after icv
injection of UCN, and the decrease was restored by 4 h. The
correlation between the plasma acylated ghrelin level and food
intake suggests that the change of the plasma acylated ghrelin
level may contribute to feeding behavior in the early phase
after UCN injection. In contrast, central UCN administration
resulted in suppression of food intake that persisted throughout
the 12-h observation period (12, 39). In the present study, we
observed that cumulative food intake decreased during the 4- to
24-h period after icv injection of UCN (data not shown).
Therefore, the decrease of food intake in the late phase after icv
injection of UCN might have been due to factors other than
ghrelin.

The expressions of Fos protein and c-fos mRNA are useful
as markers of neuronal activation. Central administration of
UCN increases Fos immunoreactivity in the forebrain and
hindbrain structures associated with food intake, e.g., LSN,
VMH, ARC, CeA, PVN, and NTS (3, 8, 37, 48). In the present
study, the expression of c-fos mRNA was also increased after
icv injection of UCN in ARC, VMH, PVN, and NTS. These
cerebral areas are known to express high levels of CRF;
receptors (20). In addition, it has been reported that feeding is
inhibited when UCN is injected into not only LSN (51), PVN
(52), and VMH (29) of the forebrain but also DVC of the
hindbrain (12). The contribution of the caudal brain stem has
been demonstrated by Daniels et al. (8) using chronically
maintained decerebrate and neurologically intact control rats
given fourth-ventricle injections of UCN. Therefore, not only
the forebrain but also the caudal brain stem may have primary
sites of UCN action.

The DVC is crucial to the regulation of upper gastroin-
testinal functions and is the brain stem integrative center
mediating the satiety reflex and relaying autonomic neural
responses to stress (6). Although the mechanism of ghrelin
secretion has not been elucidated, it has been reported that
the ANS may be related to the regulation of gastric ghrelin
secretion. Therefore, we examined the ability of UCN to
activate nerve cells in DVC by assaying c-fos mRNA
expression and found that an increase in c-fos mRNA was
hardly observed in DMV, although it was observed in NTS
after icv injection of UCN. Although the c-fos mRNA

expression increased until 4 h after icv injection of UCN in
the present study, the half-life of c-fos mRNA is generally
about 10—15 min (56). However, c-fos mRNA expression at
sustained levels for several hours has been reported after
CRF administration (14), endotoxin administration (32), or
prolonged immobilization stress (47). Therefore, the dura-
tion of c-fos mRNA expression may be maintained under
some experimental conditions. In addition, the increases in
c-fos mRNA expression 2 and 4 h after icv injection of UCN
were reduced significantly by CRF, but not CRF; receptor
antagonist in the caudal brain stem containing NTS. The
increase in c-fos mRNA expression 1 h after icv injection of
UCN was not reduced significantly by a CRF, receptor
antagonist, which may be due to an increase in c-fos mRNA
expression induced by artifactual effects such as the stimu-
lation resulting from vehicle injection. These results suggest
that neuronal activation by icv injection of UCN in the
caudal brain stem containing NTS may be mediated mainly
via CRF; receptors. NTS is an important site in not only
mediating the vagovagal reflex but also innervating the
region of the ventrolateral medulla (VLM) (30, 42). Neurons
in the VLM are generally regarded as premotor sympatho-
excitatory neurons that send efferents via the intermediolat-
eral nucleus of the spinal cord to the celiac ganglia, which
send sympathetic postsynaptic fibers to the stomach (17, 42,
46). In the present study, we observed an increase of c-fos
mRNA expression in the VLM after icv injection of UCN.
Therefore, we speculate that the inhibition of ghrelin secre-
tion by UCN may be induced partly by the activation of
sympathetic nerves.

In conclusion, UCN increased neuronal activation in the
caudal brain stem containing NST via CRF, receptors, which
may be related to the inhibition of ghrelin secretion and food
intake induced by UCN. This may explain the mechanism
underlying the anorexia induced by physiological or psycho-
logical stress.
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Fig. 7. Effects of CRF antagonists (NBI27914: 12 nmol/rat, astressinoB: 2
nmol/rat) on c-fos mRNA expression in brainstems containing DVC after icv
injection of UCN by real-time RT-PCR. c-fos mRNA was measured at 1, 2,
and 4 h after icv injections. Columns express means * SE (n = 11-17). Effect
of UCN was evaluated by Student’s #-test. Significance with post hoc Dun-
nett’s t-test following one-way ANOVA was *P < 0.05 vs. UCN-injected
group.
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