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were distributed in the portion medial to that of the GHRH
neurons in the Arc (Fig. 1, E and F). The mean number of NPY
neurons did not differ between Tg and WT rats (Tg rats,
468 * 49 vs. WT rats, 478 * 49) (Fig. 1G).

Coexpression of GHS-RE with GHRH or NPY in the Arc

GHS-R-positive neurons (green), GHRH neurons (red), and
GHS-R-positive GHRH neurons (yellow) in the Arc of WT rats
(A-C) and Tg rats (D-F) are shown in Fig. 2. The numbers of
GHRH neurons and GHS-R-positive GHRH neurons in Tg
rats were significantly reduced than those in WT rats, re-
spectively (GHRH neurons, 41 * 5, GHS-R-positive GHRH
neurons, 20 = 3 in Tg rats; GHRH neurons, 82 + 5, GHS-
R-positive GHRH neurons, 54 = 7 in WT rats, P < 0.05).
GHS-R-positive neurons (green), NPY neurons (red), and
GHS-R-positive NPY neurons (yellow) in the Arc of WT rats
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(A-C) and Tg rats (D-F) are shown in Fig. 3. There was no
difference in the number of NPY neurons and GHS-R-pos-
itive NPY neurons between Tg rats (NPY neurons, 322 + 27,
GHS-R-positive NPY neurons, 315 * 28) and WT rats (NPY
neurons, 311 * 18, GHS-R-positive NPY neurons, 309 = 18).
The number of GHRH neurons in Fig. 2 or NPY neurons in
Fig. 3 was lower than that in Fig. 1. These differences are
explained by the methodological difference between glucose
oxidase diaminobenzidine nickel intensify method used in
Fig. 1 and double-labeled immunofluorescence used in Figs.
2 and 3, the former is more sensitive than the latter.

Fos expression in response to KP-102 in the Arc

Fos-positive neurons in the Arc of WT and Tg rats in
response to vehicle are shownin Fig. 4, A and C, respectively.
In response to ICV administration of KP-102, Fos-positive
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neurons distributed widely in the Arc of WT and Tg rats are
shown in Fig. 4, B and D, respectively. The mean number of
Fos-positive neurons after [CV administration of KP-102 was
significantly reduced to 46% of that seen in WT rats (Fig. 4E).

The distributions of Fos-positive GHRH neurons of the
Arc in response to saline or KP-102 in the WT and Tg rats are
shown in Fig. 5. The distribution of Fos-positive GHRH neu-
rons in response to saline in WT rats is shown in Fig. 5A and
that of Fos-positive GHRH neurons in response to KP-102 in
WT rats is in Fig. 5B. The distribution of Fos-positive GHRH
neurons in response to saline in Tg rats is shown in Fig. 5C,
whereas that of Fos-positive GHRH neurons in response to
KP-102 in Tg rats is in Fig. 5D. The mean number of Fos-
positive GHRH neurons in response to KP-102 was signifi-
cantly less in Tg rats than in WT rats (Fig. 5E).

Endocrinclogy, September 2006, 147(9):4093~-4103 4088

GHRH mRNA expression in primary cultured
hypothalamic neurons

The results of a typical RT-PCR analysis of GHRH, NPY,
and somatostatin mRNA levels in cultured hypothalamic
neurons are shown in Fig. 6. Treatment of cultured neurons
with KP-102 at concentrations ranging from 2-200 nM for 2 h
did not significantly affect the level of GHRH mRNA ex-
pression (Fig. 7A). KP-102 at 20 nm did not significantly affect
the GHRH mRNA expression level during 1, 2, 8, and 24 h,
although with 2-h incubation, there was a trend to increased
GHRH mRNA expreésion (Fig. 7B). Treatment of cultured
neurons with KP-102 for 2 h did not significantly increase the
level of NPY or somatostatin mRINA expression at a con-
centration of 0.2, 2.0, or 20 nm (Fig. 7, C and D). However,
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treatment of cultured neurons with KP-102 at a concen-
tration of 20 nm for 24 h but not 2 h significantly increased
the NPY mRNA expression level (Fig. 7E). The level of
somatostatin mRNA expression was not affected by KP-
102 given at a concentration of 20 nM for either 2 or 24 h
(Fig. 7F).

NPY at a concentration of 1 nM but not 0.1 nm significantly
decreased the GHRH mRINA expression level (Fig. 8A). The
inhibitory effect of 1 nm NPY on GHRH mRNA expression
was completely blocked by anti-NPY IgG (3.6 ug/ml) (Fig.
8B). Anti-NPY IgG itself did not affect the level of GHRH
mRNA expression. KP-102 significantly increased the
level of GHRH mRNA expression approximately 2-fold in
the presence of anti-NPY IgG during 2-h incubation, but
it did not induce significant change in the expression level
when given with normal rabbit serum IgG or without IgG
(Fig. 8C).
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Somatostatin significantly decreased the GHRH mRNA
expression level at concentrations of 10 and 100 nm during
the 2-h incubation period (Fig. 8D). The 10 nM somatostatin-
induced suppression of GHRH mRNA expression level was
completely reversed in the presence of antisomatostatin IgG
(3.6 pg/ml) but not in the presence of normal rabbit serum
IsG (Fig. 8E). The antisomatostatin IgG did not affect the
level of GHRH mRINA expression in the presence of KP-102
(Fig. 8F). Treatment of neurons with somatostatin at a con-
centration of 10 nM for 2 h induced no significant change in
NPY mRNA expression (Fig. 9A). The somatostatin-induced
suppression of GHRH mRNA expression was partially re-
versed by anti-NPY IgG (Fig. 9B). GH at concentrations rang-
ing from 10-500 ng/ml for 2 h significantly increased so-
matostatin mRNA expression level and suppressed GHRH
mRNA expression level without influence on NPY mRNA
expression (Fig. 10).

D

125

—
(o]
(=3

oo
o

P
<

Py
[}

GHRH mRNA expression (% control)
[o1}
o

o

—
o
<

-~
(323

GHRH mRNA
expression (% control)

o
[}
T

b
[%;]

0 Controf 1 10 100

F1G. 8. Effects of NPY and somatostatin on GHRH
mRNA expression and the KP-102-induced changes
in GHRH mRNA expression level. A, Inhibitory ef-
fect of NPY on GHRH mRNA expression. B, Effect of B 150

Somatostatin {(nM)

anti-NPY IgG on NPY-induced inhibition of GHRH
mRENA expression. C, Effect of anti-NPY IgG on KP-
102-induced changes in GHRH mRNA expression.
Cells were treated with vehicle (white bar) or 20 ny
KP-102 (black bar) for 2 h in the presence of NRS or
anti-NPY IgG. D, Inhibitory effect of somatostatin
on GHRH mRNA expression. E, Effect of antisoma-
tostatin IgG on somatostatin-induced inhibition of
GHRH mRNA expression. F, Effect of antisoma-
tostatin IgG on KP-102-induced changes of GHRH
mRNA expression. Cells were treated with vehicle
(white bar) or 20 nM KP-102 (black bar) for 2h in the
presence of NRS or antisomatostatin IgG. The num-

-t e
w ~ [ond Ny
< o [ w

GHRH mRNA expression (% control)
)
21

o

80

B [+3]
(=] <

[
«

GHRH mRNA expression (% controf) m

ber of wells in each experimental group (A-F) were Control NPY NPY+ NPY+ Anti-NPY 0=s *
8,9,12,8,8, and 8, respectively. NRS, Normal rabbit NRS Anti-NPY Control S8 igg AstS gSAntI-SS
serum IgG (3.6 ug/mlb); Anti-NPY, anti-NPY IgG (3.6 e
ug/ml); Anti-SS, antisomatostatin IgG (3.6 ug/ml). *,
P < 0.05. C 250 F
225} —
B 2001 -
- Q
>4 - =
sEos T "
% R 150 g3
+ i
- - =
% % 125 é 5
5 §100f I8
S Lol 3
@ *
501 ®
25t
0

Saline | NRS

| Anti-nPY

Saline NRS

Anti-SS

Downloaded from endo.endojournals.org at Nippon Med Sch Tama-Nagayama Hosp Lib on February 12, 2007



Mano-Otagiri ef al. ® GHS-R Regulates Hypothalamic GHRH Expression

120

A
K
z
8
B, 9. Effect of somatostatin on NPY mRNA expression =
and effect of anti-NPY IgG on somatostatin-induced inhi- 2
bition of GHRH mRNA. A, Effect of 10 nM somatostatin for @
2 h on NPY mRNA expression. B, Effect of anti-NPY IgG on 2
somatostatin-induced inhibition of GHRH mRNA expres- ;’
sion. NRS, Normal rabbit serum IgG (3.6 pg/ml); Anti-NPY, Z
anti-NPY IgG (3.6 pg/ml). The numbers of wells in each Cé
experimental group of A and B were nine. #, P < 0.05. P
b=

20

Concentrations of GHRH in cultured neurons

Although the basal secretion of GHRH from cultured hy-
pothalamic neurons was undetectable level by RIA, the cel-
lular concentrations of GHRH after 4-h treatment with KP-
102 at concentrations of 2.0 and 20 nm were significantly
increased (control, 567.5 = 11.7 pg/well, 2.0 nm KP-102,
602.0 = 13.6 pg/well, P < 0.001, vs. control, 20 nm KP-102,
651.0 £10.9 pg/well, P < 0.001 vs. control n = 6). The cellular
concentrations of GHRH after 4-h treatment with somatosta-
tin at a concentration of 1.0 and 10 nm did not show any
significant changes.

Discussion

We have previously created Tg rats expressing an anti-
sense GHS-R mRNA under the control of the promoter for
TH and have reported that the concentrations of GHS-R
protein in the Arc determined by Western blot analysis are
lower in Tg rats than in WT rats (7). In the present study, we
found that the numbers of GHS-R-positive neurons, GHRH
neurons, and GHS-R-positive GHRH neurons were signifi-
cantly lower in Tg rats compared with WT rats, whereas the
number of NPY neurons or GHS-R-positive NPY neurons
did not differ between the two groups. The expression level
of NPY mRNA in the Arc of the Tg rats is thought not to be
affected by the induction of GHS-R antisense due to the
absence of TH in most of the NPY neurons located in the Arc
(18, 19). The present study shows that, in response to the ICV
injection of KP-102, one of the GHSs, Fos-positive neurons,
and Fos-positive GHRH neurons in the Arc were reduced in
Tg rats, reflecting the reduced expression of GHS-R in neu-
rons including GHRH neurons in the Arc of Tg rats. These
results suggest that the ghrelin/GHS-R system plays a role
in up-regulating GHRH mRNA expression. This hypothesis
is supported by a previous study, which found that Tg mice
that constitutively overexpress GHS-R in the GHRH neurons
show an increase in hypothalamic GHRH expression (12).
However, unexpectedly, the ICV administration of ghrelin
has been reported to induce no changes in the levels of
GHRH mRNA expression levels, although it increases the
levels of NPY and agouti-related peptide mRNA expression
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in the Arc (20, 21). Therefore, it seems that some mechanism
masks the stimulatory effect of exogenous ghrelin on GHRH
mRNA expression level in in vive experiments.

Because GH, NPY, and somatostatin are involved in the
feedback mechanism of the regulation of GH secretion, these
hormones are the likely candidates that mask the stimulatory
effect of ghrelin on GHRH mRNA expression. ICV admin-
istration of ghrelin increases GH secretion in nonanesthe-
tized and anesthetized rats (22, 23). It is reported that iv
administration of GH induces the expression of c-fos mRNA
in NPY neurons of the Arc (24), where the GH receptor is
expressed (25, 26). However, the present study showed that
GH did not affect NPY mRNA expression. The difference in
the effects of GH on NPY neurons may be explained by the
difference of GH signal transport between in vivo study and
in vitro study. Although these experiments do not show how
GH modifies the release of NPY, the results of our study do
not suggest a direct action of GH on NPY neurons.

When it is administered ICV, NPY inhibits GH secretion
in rats (27, 28) at least in part through somatostatin release
because NPY stimulates somatostatin release from the hy-
pothalamus in vifro (29, 30). NPY neurons in the Arc project
to the periventricular nucleus (PeV) (31), and synaptic con-
nections between NPY axons and somatostatin neurons have
been demonstrated in the PeV (32). These findings suggest
that GH secreted in response to ghrelin may act on soma-
tostatin neurons because GH receptor mRNA is present in
somatostatin neurons in the PeV (33), and the iv adminis-
tration of GH induces c-fos mRNA expression in somatosta-
tin neurons in the PeV and Arc (24). The results of the present
study actually showed that GH directly stimulated soma-
tostatin mRNA expression and inhibited GHRH mRNA ex-
pression, suggesting the inhibitory role of GH in the GHRH
expression.

Furthermore, NPY and somatostatin neurons activated by
ghrelin directly may inhibit GHRH expression because so-
matostatin and NPY inhibit GHRH release from the hypo-
thalamus in vitro (14, 30, 34). Histological connections be-
tween these neurons support this possibility; GHRH neurons
are present in the ventrolateral part of the Arc where NPY
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fibers are concentrated (8, 35). GHRH neurons are innervated
by somatostatin fibers, and somatostatin receptors are
present on GHRH neurons (36-39). However, deleting the
influence of GH, the present study showed that KP-102 sig-

" nificantly stimulated NPY mRNA expression and did not
affect somatostatin mRNA expression, although both NPY
and somatostatin inhibited GHRH mRNA expression. There-
fore, NPY but not somatostatin activated by ghrelin seems to
inhibit the activity of GHRH neurons. Furthermore, the in-
hibitory effect of somatostatin on GHRH mRNA expression
was partially blocked by anti-NPY IgG, although somatosta-
tin did not significantly affect NPY mRNA expression in the
present study. Therefore, NPY released in response to so-
matostatin may also be involved in the inhibitory mechanism
of GHRH mRNA expression by somatostatin in addition to
direct action of somatostatin on GHRH neurons.

In contrast to our results, several reports showed that ICV
administration of somatostatin stimulates GH release (40-42)
and that ICV administration of antisense oligonucleotides
against somatostatin 1 receptor suppresses GH tone in rats (43).
Furthermore, somatostatin stimulates in vitro GHRH release in
rat hypothalamic perfusion system (44). These reports suggest
that somatostatin has a dual effect on GH secretion, although
we found only inhibitory action of somatostatin on GHRH
mRNA expression. The mechanism by which somatostatin
stimulates GH secretion still remains unclear. Further studies
are needed to clarify the complex mechanism.

We have found that KP-102 significantly increased the
GHRH mRNA expression level only in the presence of anti-
NPY rabbit IgG. Although the concentrations of NPY in the
culture media were not measured in the present study, gh-
relin has already been shown to stimulate in vitro NPY release
from the rat hypothalamus (45). Therefore, these results sug-
gest that KP-102 not only up-regulates GHRH mRNA ex-
pression but also stimulates NPY release in the Arc and that
the NPY that is released by KP-102 attenuates the stimulatory
effect of KP-102 on GHRH mRNA expression. The results of
the present study are in agreement with a report that fasting-
induced inhibition of GHRH mRNA expression in WT mice
is abolished in npy null mice (46).

The present study showed that somatostatin inhibited the
GHRH mRNA expression level. The results of the present

NPY
2 GHRH
% Somatostatin

1 5 10 50 100 500
GH (ng/ml)

study also showed that the effect of KP-102 on the GHRH
mRNA expression level was not influenced by antisoma-
tostatin IgG and that KP-102 did not significantly affect so-
matostatin mRNA expression, suggesting that somatostatin
does not play a significant role downstream of the action of
KP-102 on the expression of GHRH mRNA expression. These
results are in agreement with other studies showing that
ghrelin and GHSs have no effect on in vitro release of so-
matostatin from rat hypothalamus (30, 45).

In summary, the present study has shown that the number
of GHS-R-positive GHRH neurons is reduced in Tg rats
whose GHS-R expression is attenuated. It has also been
shown that KP-102, one of the GHSs, stimulates the NPY
mRNA expression level of cultured rat hypothalamic neu-
rons and that NPY reduces the GHRH mRNA expression
level. The present study also demonstrated that KP-102 stim-
ulates the level of GHRH mRNA expression when NPY
action is deleted. Furthermore, GH and somatostatin inhibit
GHRH mRNA expression. These results indicate that GHS-R
is involved in the up-regulation of GHRH and NPY expres-
sion in the Arc and that NPY as well as GH and somatostatin
down-regulate GHRH mRNA expression. It is also sug-
gested that the reduction of GHRH neurons in the Arc of Tg
rats is induced by the decrease in GHS-R expression.
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Abstract

Objectives: Ghrelin has recently been isolated from rat and hwman stomach as an endogenous ligand
for the growth hormone (GH) secretagog receptor. Using beagle dogs. we investigated the distribution
of ghrelin in the stomach and its possible role.

Methods: We examined: (i) GH release in response to ghrelin injection (0.5 or 5 pg/kg. i.v.). (ii) gastric
localization of ghrelin-immunostained cells. (iii) changes in daily food consumption after ghrelin
injection (3. 10, and 20 pg/kg. i.v.). (iv) plasma ghrelin levels under regular, but restricted feeding
conditions. and {v) variations in plasma ghrelin levels in relatively lean. normal and obese dogs.
Results: Administration of ghrelin to dogs promptly increased circulating GH concentrations.
although this effect was transitory and was maintained for only 20 min. Ghrelin was localized in
the stomach fundus and body. but none was detected in either the pylorus or cardia. Administration
of ghrelin at a dose of 20 pg/kg increased the daily food intake of beagle dogs. Plasma ghrelin levels
peaked just before meal times, and then returned to basal levels. Obese dogs had higher plasma ghre-
lin levels than did normal and lean dogs.

Conclusions: These results indicate that ghrelin is a potent GH secretagog in dogs. The distribution of
ghrelin-immunoreactive cells in the canine stomach resembles that of both the murine and human
stomach. Ghrelin participates in the control of feeding behavior and energy homeostasis in dogs
and may. therefore. be involved in the development of obesity.
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Introduction

Obesity and anorexia have become serious problems in
companion animals such as dogs and cats. as well as in
humans. Both obesity and anorexia are characterized
by abnormal feeding ~ in the former case. hyperphagia.
and in the latter, hypophagia. Recent molecular biologi-
cal approaches have led to advances in research on the
mechanisms of feeding regulation, such as the discov-
ery of new peptides that regulate feeding behavior. In
the near future these peptides may be useful as clinical
pharmacological substrates in the treatment of obesity
and anorexia. Ghrelin. which is one of these candidate
substances. was recently isolated from the rat and
human stomach as an endogenous ligand for the
growth hormone (GH) secretagog receptor (1). Ghrelin
consists of 28 amino acids, including an O-n-octanoy-
lated Ser3 residue that is essential for GH release. Cen-
tral and peripheral injections of ghrelin stimulate GH
release in many species such as rats, humans, Shiba
goats, dogs and fish (1-6).

Immunohistochemical studies. including those
involving in situ hybridization. have revealed that in

© 2005 Society of the European Journal of Endocrinology

the gastrointestinal tract. ghrelin is produced mainly
from the neck to the base of the oxyntic glands, in par-
ticular in the X/A-like cells (1. 7) whose physiological
role was previously unknown. This distribution of ghre-
lin in the stomach has been confirmed in humans,
cows, pigs and horses (4. 7). The common action and
distribution of ghrelin in many species suggests that
the structure of ghrelin is conserved among species.
Remarkable work carried out in recent years has
shown that ghrelin has various physiological functions
such as stimulation of food intake. gastric acid
secretion, and gastric motor activity (8-11), It is
likely that the appetite-stimulating effect of peripheral
ghrelin is due to its action on the afferent vagal nerve
(10). On the other hand, its central effect is thought
to occur via the secretion of neuropeptide Y and
agouti-related peptide from the arcuate nucleus in the
hypothalamus (11). These results suggest that ghrelin
plays an important role in the regulation of food
intake and energy expenditure in rats (9. 11. 12) and
humans {13). Ghrelin levels in rats exhibit a diurnal
pattern. with bimodal peaks occurring before dark
and light periods (14). These two peaks are consistent
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with maximum and minimum volumes of gastric con-
tent respectively. It has been suggested that this pre-
prandial rise and postprandial fall in circulating
ghrelin levels also occurs in humans (15). Moreover,
it has been shown that a transient surge in plasma
ghrelin occurs in the prefeeding period in scheduled
meal-fed sheep (16). These results indicate strongly
that ghrelin secretion may be a trigger for endogenous
hunger signals. Since the continuous administration of
ghrelin to rodents results in fat deposition and obesity.
ghrelin may also be involved in the development of
both lean and obese conditions (12, 17).

We have, therefore, examined the relationship
between ghrelin and {ood intake in the beagle dog. Ghre-
lin secretion should be affected by feeding behavior, but
little is known about ghrelin-induced appetite stimu-
lation in dogs. First, we examined whether ghrelin
stimulates GH release, and whether ghrelin-immunos-
tained cells are localized in the dog stomach. Secondly,
we investigated whether intravenous (i.v.) adminis-
tration of ghrelin increases food intake in dogs, and
determined peripheral ghrelin levels before and after
feeding. Finally. we measured and then compared the
plasma ghrelin levels in lean, normal and obese dogs.

Materials and methods

Animals and experimental design

All procedures were performed in accordance with
the Japanese Physiological Society's guidelines for
animal care. Healthy adult male and female beagle
dogs were used for this study. The animals were
housed individually in a roofed enclosure in cages
(1.0m X 0.8m X 0.6 m) at ambient temperature and
under natural photoperiod conditions.

In the first experiment. we used 12 healthy male
beagle dogs (Kitayama Labs, Yamaguchi, Japan) weigh-
ing approximately 6.0-8.3 kg (age range 7~9 months:
median 7.8 months), in which we evaluated the effect
of ghrelin administration on plasma GH levels. The
dogs were divided randomly into three experimental
groups: a saline-treated (0.5 ml/kg) control group.
and two groups that were administered rat synthetic
ghrelin (Peptide Ins. Inc. Osaka, Japan) by i.v. injection,
one group at a dose of 0.5 pg/kg and the other at
5 pg/kg. Samples of blood (2 ml) were drawn from con-
scious animals into tubes containing disodium ethyl-
enediaminetetraacetic acid (EDTA; 1 mg/ml blood) via
puncture of the jugular vein using sterile needles and
syringes, before injection and 10, 20, 40, 80, and
160 min after injection. Plasma was separated by cen-
trifugation and was kept at — 80 °C until determination
of GH. Plasma GH was measured by radioimmunoassay
(RIA) without extraction.

In the second experiment, the immunohistochemical
localization of ghrelin in the dog stomach was examined.
The Animal Hospital of Miyazaki University supplied the

www.gje-online.org
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stomach. esophagus, and duodenum from three adult
beagle dogs (age range 8-9.3 months, mean 8.6
months) after euthanasia induced by an overdose injec-
tion of pentobarbital.

In the third experiment. we studied the regulation
of food intake by ghrelin in six male beagle dogs
(6.9~10.2kg: age range 6-9 months; median 7.4
months). The animals were fed a sufficient quantity
of commercial canine laboratory diet (DS-A; Oriental
Yeast, Chiba. Japan), and water was available ad
libitum. Food consumption was measured at 0900h
every 24 h for 10 consecutive days - the pre-exper-
iment period. Each animal then received an iv. injec-
tion of saline and then ghrelin in the order of dosage
of 3, 10. and 20pg/kg ghrelin at 3-day intervals.
Food consumption was measured in the 24h after
each injection in each dog. The 3-day interdose interval
and the increasing order of dose were imposed to avoid
any potential carry-over effects of individual doses.

In the fourth experiment. 12 male beagle dogs
(8.6-11.2kg: age range 7-10 months: median 8.2
months) were randomly subdivided into 2 mealtime
groups that were fed a restricted diet at 1000 or
1700 h, regularly for 10 days. On the 10th day. we col-
lected blood samples from each dog at 0730, 0930,
1100, 1430, 1630 and 1930 h. into chilled tubes con-
taining disodium EDTA (1 mg/ml blood) and aprotinin
(500 U/ml blood). Plasma was separated by centrifu-
gation, and we added 10% plasma volume of 0.1
mol/l HClL. Samples were stored at —80°C until deter-
mination of ghrelin levels.

In the fifth experiment. 28 adult female beagle dogs
(age range 8-13 months; median 9.6 months) were
chosen from 290 dogs by 8 keepers. and divided into
4 groups under the randomized block design: relatively
lean ‘lean’. normal ‘normal’, relatively light obese
‘obese L. and relatively heavy obese ‘obese H'. and
each group had meanzs.enMm. body weights of
7.220.2kg (P<0.05 vs npormal), 10.1x0.2kg
12.4+0.4kg (P < 0.05 vs normal) and 15.9+1.2kg
{P << 0.05 vs obese L) respectively. In addition, to com-
pare the gender difference of plasma ghrelin levels. we
measured the plasma ghrelin levels in each of four
male and female beagle dogs at about 7 weeks of age.
We collected blood samples from all of these dogs
after they were fasted overnight. Sampling was carried
out as described earlier and the plasma was stored at
—80°C until determination of ghrelin concentrations.

RIA of GH and ghrelin

We developed an RIA system for canine GH measure-
ment by using a canine GH RIA kit supplied by NIDDK
(National Hormone and Peptide Program. Harbor-
UCLA, CA. USA). lodination was performed by the
chloramine-T method. The second antibody was goat
anti-monkey IgG serum (HAC-MKA2- 02GTPS88),
which was supplied by the Biosignal Research Center,
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Institute for Molecular and Cellular Regulation, Gunma
University, Japan. After completion of the kit protocol.
25 ul plasma were diluted with 173 pl assay buffer for
use in the assay. All samples were analyzed in duplicate
within one RIA. and the minimum detectable mass was
0.25 ng/ml. The assay procedure was performed accord-
ing to the method described by Hayashida et al. (4). The
intra- and interassay coefficients of variation were 6.4%
and 3.9% respectively.

Plasma ghrelin levels were measured with a ghrelin
(human) RIA kit (Linco Research, St Louis. MO.
USA). Without exception, all assay procedures were
carried out in accordance with the protocol supplied
by the manufacturers. Since this RIA was for use
with rat and human plasma. we verified that dog
plasma contained suitable matrices. The RIA technique
detected rat and human ghrelin with equal accuracy in
dog. The intra- and interassay coeflicients ol variation
were 5.1% and 2.4% respectively. The sensitivity of
the assay was 10 pg/ml.

Immunohistochemical staining

Tissue blocks of the canine stomach, esophagus and
duodenum. taken from a total of three dogs. were
rinsed with ice-cold saline and fixed in 4% paraformal-
dehyde plus 0.2% picric acid in 0.1 mol/l phosphate
buffer for 2 days. then incubated for 24 h at 4°C in
0.1 mol/l phosphate buffer containing 20% sucrose.
Samples were then frozen and stored at — 80°C until
immunohistochemical staining. Immunostaining for
ghrelin in cells in the cardia. fundus. body. and pylorus
of the stomach. and in the esophagus and duodenum of
each dog was performed as follows. Ten-micrometer-
thick sections were prepared with the aid of a cryostat
at —20°C and were then thaw-mounted onto gelatin-
coated glass slides and air-dried for 10 min. After pre-
treatment with 0.3% hydrogen peroxidase for 1h to
inactivate endogenous peroxidases and then incubation
with normal goat serum for 1h to block nonspecific
binding. all sections were incubated overnight at 4°C
with anti-ghrelin antiserum. The polyclonal antibody
used in this study was produced in rabbits against the
N-terminal fragment of rat ghrelin. Details of the prep-
aration and characterization of the antibody have been
described by Date ¢t al. (7). The rat anti-ghrelin anti-
body specifically recognizes ghrelin with n-octanoylated
Ser3, and does not recognize des-acyl ghrelin. The final
dilution of the anti-ghrelin antiserum used in the
immunohistochemistry was 1:10000. After being
washed with phosphate-buffered saline, the sections
were stained by the avidin-biotin-peroxidase complex
method (Vectastain Elite ABC kit, Vector Laboratories,
Burlingame, CA. USA), with a diaminobenzidine sub-
strate kit {Vector Laboratories) at room temperature,
Data are expressed as the mean®s.e.atL Statistical ana-
lyses were carried out by Student's ¢-test. or one-way
analysis of variance and Tukey s post hoc test. as required.
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Results

GH release in vesponse to ghrelin injection

Plasma GH levels increased in a monophasic manner
after a single ghrelin injection (Fig. 1). An i.v. adminis-
tration of 5pg/kg ghrelin led to a peak GH value of
1545 ng/ml 10 min later. a value that is eight times
higher than the preinjection level. The GH release
response to ghrelin was significantly increased both
10 and 20min after injection (P < 0.05). GH levels
had returned to basal values by 40 min after injection.
Administration of a dose of 0.5 pg/kg had no signifi-
cant effect on plasma GH concentrations.

Distribution of ghrelin-inununostained cells

We detected ghrelin-immunoreactive cells in the oxyn-
tic glands of the fundus and body of the stomach
(Fig. 2). In accordance with the physiological role and
the conformation changes of acid secretion that occur
in the dog stomach. the scatter of ghrelin-positive
cells was higher in the fundus than in the body of the
stomach. Ghrelin-positive cells were restricted to the
gastric mucosa and were scattered from the glandular
base to the glandular neck. A comparison with hema-
toxylin and eosin stained sections of the same tissue
revealed that these cells resemble endocrine cells.
with unstained nuclei and dense granules in the cyto-
plasm. No immunostained cells were detected in the
esophagus. cardia, pylorus, or duodenum (data not
shown). All of these findings were confirmed in tissues
taken from all three animals.

Change of daily food consumption after
ghrelin injection

Figure 3 shows the effects of three different doses of
ghrelin (3, 10, and 20 pg/kg) on food intake measured

20067
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Figure 1 Time course of changes in plasma GH levels after i.v.
administration of ghrelin in beagle dogs. Symbols and vertical
lines represent the mean valuexs.e.M. of four healthy dogs.

*P < 0.05, significantly different from the saline-treated and

5 pg/kg ghrelin-treated groups at each time point.
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Figure 2 Ghrelin-immunoreactive cells in the stomach of beagle
dogs. Immunoreactive cells were detected in the oxyntic glands
from the fundus (A and C) and body (B and D) region. Ghrelin-
immunoreactive cells were restricted to the gastric mucosa. Many
ghrelin cells were scattered from the glandular base to the glandu-
lar neck. Each lower panel (C and D) shows a higher magnifi-
cation of the panel above (A and B respectively). The data shown
are representative of all three animals studied. Bars = 100 um.

24 h after the injections. The average daily food intake
was increased significantly by injection of 20 pg/kg
ghrelin compared with saline treatment (Fig. 3). Food
consumption gradually increased from 75 g/day up to
125g/day after injections of 3. 10 and 20 pg/ke
ghrelin, but only the highest dose resulted in a statisti-
cally significant change.

Ghrelin response to feeding

Restricting feeding times to 1000 or 1700 h resulted in
the same peak patterns of plasma ghrelin levels. The
peaks were observed just before feeding. at 0930h
and at 1630h (Fig. 4). After feeding. plasma ghrelin

2607

Food intake (g/day)

saline

3pg  10ug  20ug

ghrelin (/kg BW)

Figure 3 Effect of a single L.v. injection of ghrelin on daily food
intake in dogs. Daily food intake increased after treatment with
ghrelin, Bars and vertical lines represent the mean values+s.e.m.
(n = 6). *P < 0.05, significantly different from the saline-treated
group. BW, body weight.
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levels immediately fell and then remained almost con-
stantly low throughout the day.

Varviations in plasma ghrelin Ievels in lean,
normal and obese dogs

Relatively higher and lower plasma concentrations of
ghrelin were observed in relatively light obese and lean
dogs respectively (Fig. 5). Although no significant differ-
ence was observed between lean and normal or between
relatively light obese and normal, relatively heavy obese
dogs showed a significant increase in plasma ghrelin
levels in comparison with normal and lean dogs. There
was no significant difference in plasma ghrelin levels
between normal female and male dogs (female
476%=39.8 vs male 497+98.3, mean=s.6A1 1 = 4),

Discussion

Injection of ghrelin at a dose of 5 pg/kg body weight
caused GH secretion to rise to eight times higher than
basal levels by 10 min after injection. The time course
of changes in GH secretion was close to that recorded
in previous reports ( 3). The cDNA encoding the dog ghre-
lin precursor has been sequenced (18). and it has been
shown that there is only one amino acid sequence differ-
ence between rat and canine ghrelin. Our study demon-
strates that rat synthetic ghrelin is able adequately to
stimulate GH secretion in the dog, and that endogenous
ghrelin may play an important role in GH secretion in
this animal. The GH response to stimulation with ghrelin
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Figure 4 Influence of daily feeding time on plasma ghrelin levels
in dogs. The white and black bar represents the light and dark
periods. Areas a and b represent the meal time in group a and
group b respectively. Plasma ghrelin peaked just before the
restricted dally feeding time at 1000h (group a; closed circles)
and 1700 h (group b; open circles) and then decreased immedi-
ately after the end of feeding. Symbols and vertical lines represent
the mean valuexs.em. (n = 6).
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Figuro 5 Plasma ghrelin concentrations in lean, normal and
obese dogs after overnight food deprivation. Bars and vertical
lines represent the mean valuests.em. (n= 7). Young, female,
adult, lean (mean body weight 7.2£0.2kg), normal (mean body
weight 10.1=0.2Kkg), light obese (obese L; mean body weight
12.4£0.4kg) and heavy obese (obese H; mean body weight
15.9+1.2kg) beagle dogs were studied. *P < (.05, significantly
different from the normal.

recorded in this study was considerably lower than that
reported previously in healthy dogs in response to a
dose of 2 pg/kg (5). Indeed. it has been shown that ghre-
lin strongly stimulates GH release in humans, whereas in
dogs. either ghrelin is not be a very potent stimulator of
GH release or else the results reflect methodological
differences in the assays used to determine GH levels.
The immunohistochemical studies carried out in the
present investigation revealed that ghrelin-immuno-
stained cells were detected in the oxyntic glands of the
canine stomach. They are particularly abundant in the
fundus and body of the stomach. and are entirely lacking
in the pylorus, cardia. esophagus and duodenum. This
pattern of distribution correlates well with that of the
expression of the ghrelin precursor. as determined by
Northern blotting analysis of dog tissues (18). The dog
gastric mucosa has been investigated at the electron
microscope level by Rindi et al. (19). who found that
murine and canine ghrelin-immunoreactive cells closely
resemble those of the human stomach in their general
ultrastructure. including the structural patterns of
their compact granules. It seems, therefore. that there
is some structural homogeneity of these cells among
species. and we can therefore probably expect them to
have a functional homogeneity similar to that of endo-
crine cells among various animals, including the dog.
Daily treatment with ghrelin or a single injection
increases food intake and body weight gain in both
rats {9, 11, 12) and humans (13). However. little is
known about ghrelin-induced appetite stimulation in
dogs. We have found that administration of ghrelin
induces an increase in food intake, suggesting that
endogenously released ghrelin is involved in the control
of daily food intake. We observed that plasma ghrelin
levels increase just before a meal time, and then rapidly
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return to the basal level after the end of feeding. In free-
feeding rats. ghrelin secretion follows a diurnal pattern,
with bimodal peaks occurring before the dark and light
periods (14). Both peaks are consistent with the periods
just before feeding. in accordance with the circadian
rhythms of rats. Moreover, it has been shown that a
transient surge of plasma ghrelin occurs in the prefeed-
ing period in scheduled meal-fed sheep (16). When
sheep are fed two or four times a day the ghrelin
levels rise just before each feeding (20). Plasma ghrelin
levels showed a nocturnal rise that exceeded the meal-
associated increase in lean human (21). These results
indicate that the ghrelin secretory response to feeding
in dogs is similar to that of sheep., rodents and
human. A transient surge of ghrelin secretion has
also been observed just before pseudofeeding in sheep
(16). The regulation of this secretion seems to be com-
plicated by the influences of the gastric contents. gastric
acid secretion, and the central nervous system via the
vagus nerve (22). since ghrelin signals may be involved
centrally and/or peripherally via the gut—brain axis. It
would be worthwhile examining further the stimu-
lation of food intake by ghrelin and how ghrelin
levels are regulated under conditions of negative and
positive energy balance, such as during feeding.

From our results and those of these other studies it
seems that ghrelin is involved in the regulation of
eating behavior and energy metabolism in both the
acute and chronic feeding states (13, 15. 23, 24). Circu-
lating plasma ghrelin levels in healthy dogs decreased
significantly after eating. Since this suggests that
eating behavior influences the secretion of ghrelin. we
examined ghrelin secretion in relatively lean. normal.
and obese dogs to determine the ghrelin status in obes-
ity. The obese dogs had higher plasma concentrations of
ghrelin than did the lean dogs. These results contrast
with those published previously for obese humans. in
whom significantly lower ghrelin levels have been
detected (23). Several studies have demonstrated that
plasma ghrelin levels are inversely correlated with the
body mass index (26-29). suggesting that ghrelin
levels are downregulated in obesity. On the other
hand. our results in dogs are in agreement with the
ghrelin secretion patterns recorded in lean and obese
Zucker rats, which show, respectively, low and high
ghrelin levels in plasma (30). The Zucker fa/fa rat is a
widely used model of obesity that is characterized by
massive obesity, overeating, and alterations of growth
hormone metabolism. Whether or not obesity can be
linked to plasma ghrelin levels needs to be clarified by
further characterization of the pathophysiology of obes-
ity in dogs. Recently, abnormal circulating ghrelin levels
have been reported in patients with anorexia nervosa
{31) and Prader—Willi syndrome {26). Studies such as
these will help us to understand whether ghrelin plays
a role in the pathogenesis of simple or secondary obesity
in humans, and the use of dogs with obesity-associated
disease could prove an interesting approach.

www.eje-online.org
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Abstract

When rat or human ghrelin is administered to chickens or rats it stimulates the release of growth hormone. however, its effects on
food intake differ between the two species. To investigate this discrepancy. we measured plasma ghrelin concentrations before and
after food intake. and determined the effects of central (intracerebroventricular, icv) and peripheral (intraperitoneal. ip) injections of
various ghrelin doses on food intake and body terperature in the Japanese quail. In control quails. plasma ghrelin levels were signifi-
cantly increased in the fasting state: subsequent feeding produced a reduction. suggesting that ghrelin may act as an orexigenic signal
in Japanese quails as well as mammals. Food intake was stimulated by ip. but not icv. injections of small doses of ghrelin. whereas
both ip and icv injections of larger doses inhibited feeding. A large dose of ghrelin also increased body temperature. These results
suggest that an increase in peripheral ghrelin may act as a hunger signal to induce food intake through stimulation of the afferent

vagal nerve in the Japanese quail, as in rats. whereas central ghrelin may inhibit feeding in different ways in the two species.

© 2005 Elsevier Inc. All rights reserved.

Kevwords: Food intake: Body temperature; Ghrelin: Jupanese quail

1. Introduction

Ghrelin, a novel 28-aminoe acid peptide. was originally
isolated from the stomachs of rats and humans as an
endogenous ligand for the growth hormone (GH)} secre-
tagogue receptor (GHS-R) (Kojima et al., 1999). It has a
unique structure, containing a Ser® residue that is modi-
fied by n-octanoic acid. This octanoyl modification is
essential for receptor binding and the subsequent expres-
sion of biological activity (Kojima et al.. 1999). Ghrelin
has also been isolated from chickens. This form is com-
posed of 26 amino acids, has an octanoylated Ser’ and
shows 54% total sequence identity and 100% N-termi-
nal-region identity [Glyl-Pro7] with rat and human

* Corresponding author. Fax: +81 985 58 7265.
E-mail address: a0d20u@cc.miyazaki-wacjp (N. Murakami).

0016-6480/S - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygcen.2004.12.021

ghrelin (Kaiya et al., 2002). In addition, two isoforms of
the chicken GHS-R (¢cGHS-R1a and ¢cGHS-R1aV) have
been generated by alternative splicing of a primary tran-
script. ¢cGHS-Rla shows strong amino acid sequence
identity (68%) with the corresponding parts of the mam-
malian GHS-Rla cDNA product, while ¢<GHS-RiaV
lacks the transmembrane-6 domain due to a 48-bp dele-
tion {Tanaka et al., 2003).

Ghrelin stimulates the release of GH from the pitui-
tary gland both in vivo and in vitro ; the n-octanoyl mod-
ification is essential for this activity (Kojima et al., 1999).
In addition, central and peripheral injection ol ghrelin
stimulates food intake in rats (Nakazato et al, 2001;
Tschop et al., 2000). The central effect is mediated by neu-
ropeptide Y and agouti-related peptide secretion from the
arcuate nucleus in the hypothalamus (Nakazato et al.,
2001). On the other hand, the appetite-stimulating
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activity of peripheral ghrelin is produced via stimulation
of the afferent vagal nerve (Date et al., 2002).

Although accumulating evidence suggests that ghrelin
plays many important roles in various physiological
functions in rats and humans, for example, fetal develop-
ment (Hayashida et al, 2002), gastric acid secretion
(Date et al., 2001) and improvements in cardiovascular
function (Nagaya et al., 2001), little is known about
ghrelin in non-mammalian vertebrates. In the chicken,
administration of either human or chicken ghrelin stim-
ulates GH release (Ahmed and Harvey, 2002; Kaiya
et al., 2002) but strongly inhibits feeding (Furuse et al.,
2001; Saito et al., 2002a). In particular, central (intracere-
broventricular, icv) injection of chicken ghrelin sup-
presses food intake in neonatal chicks (Saito et al.,
2002a), the opposite effect to that seen in rats.

To investigate these discrepant effects of ghrelin on
feeding, we measured plasma ghrelin concentrations
before and after food intake, and determined the effects of
both icv and peripheral (intraperitoneal, ip) injection of
ghrelin on food intake, in the Japanese quail. If ghrelin is
indeed orexigenic in this species, one would expect plasma
ghrelin levels to be increased by fasting and decreased by
subsequent feeding, as is the case in mammals. Although
the regulation of appetite by ghrelin has previously been
examined in l-day-old chicks (Furuse et al., 2001; Saito
et al., 2002a). we decided to use adult Japanese quails. This
was mainly because the growth curve of young birds is
steep, so body weight gains and food intakes vary widely
from day to day, whereas adult birds have ceased growing,
and therefore body weight gains and food intakes are not
subject to such variability. Furthermore, it is technically
easier to implant indwelling icv cannulae into adult birds.

In addition to its effects on feeding, it has been
reported that central injection of ghrelin into rats tran-
siently reduced the core body temperature {Lawrence
et al,, 2002) and the temperature of brown adipose tissue
{Yasuda et al., 2003). Therefore, it is highly probable
that ghrelin regulates adiposity by influencing both
energy intake and energy expenditure. Although neona-
tal chicks have been reported to become hyperactive
within 30min of an icv injection of ghrelin (Saito et al.,
2002b), and to exhibit sleep-like behavior thereafter
(Tachibana et al., 2001), to the best of our knowledge
there are no published reports concerning thermoregula-
tion by ghrelin in adult avian species. Therefore, we also
measured the effects of peripheral and central ghrelin on
body temperature in Japanese quails.

2. Materials and methods
2.1, Animals

Adult male Japanese quail (Coturnix coturnix japon-
ica) were housed in individual net cages (W: 14 x L:

26 x H: 17cm) in a room with a 12-h light (3001x) /12-h
dark (dim light, 251x) period (lights on at 07:00h) and a
temperature of 284+ 1°C, and were given free access to
food and water. Before the feeding experiment, the birds
were weighed and assigned to an experimental group (six
birds in each group) based on their body weight. The
average body weight (110~120g) in each group was kept
as uniform as possible.

To examine the orexigenic or anorexic effect of ghre-
lin, rat ghrelin (Peptide Institute, Osaka. Japan) or 0.9%
saline (vehicle control) was administered ip or icv at
either 07:00h (ie. during the birds’ active phase) or
19:00h (ie, during the birds’ resting phase). The doses
injected ip were 0.5 (1.66 pg), 1 (3.3 png), and 3 (994 ng)
nmol/200 pl saline, while the doses injected icv were 0.05
(0.16 ug), 0.5 (1.66 pg) and 1 (3.31 ug) nmol/10 pl saline.

These experiments were performed in duplicate. All
procedures were performed in accordance with the Japa-
nese Physiological Society’s guidelines for animal care.

2.2. Surgical procedures

For implantation of the icv cannula, each bird was
anesthetized with 5% sodium pentobarbital (1.4ul/g
body weight) and placed in a stereotaxic frame. A stain-
less steel guide cannuia (outer diameter 550 um, length
14 mm) was stereotaxically implanted into the third cere-
bral ventricle using a modification of a previously
reported method (Bayle et al, 1974). The coordinates
were Smm anterior to the interaural axis and 6.5mm
below the dura at the midline. One stainless steel anchor-
ing screw was fixed to the skull, and the guide cannula
was secured in place with acrylic dental cement. The
birds were returned to their individual cages and allowed
to recover for at least 4 days. They were acclimatized to
handling every day before the start of the experiments.

The icv injections were administered through the
implanted guide cannulae without anesthesia or restrain-
ing of the birds.

At the end of the experiments, proper placement of
the cannulae was verified by administering Evans Blue
dye (10ul), followed by sacrifice and brain sectioning
(20 um intervals). Data for birds lacking dye in the third
ventricle were excluded from the analysis.

2.3. Measurement of food intake

Food consumption was determined 2. 4, and 12h
after administration of ghrelin or saline by measuring
the disappearance of food from the pre-weighed feeder.
Any spillage was also collected and weighed.

2.4. Measurement of body temperature

The quails’ body temperature was measured 0 (before
injection), 5, 10, 20, 40, 60, and 120 min after administering
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ghrelin or saline at the doses stated above (n=6in each
group) at 10:00h, using a previously reported method
(Bayle et al., 1974). Briefly, the temperature was mea-
sured electronically with a small sensor (measurable
range: 25-30°C; measurement error: 0.05°C) connected
to a line (outer diameter 0.7mm; length 45cm) which is
connected to the monitor body. The sensor tip was
inserted into the cloaca, and part of the line was fixed to
the bird’s body, with the digital signal transferred to the
monitor body.

2.5. Measurement of plasmu ghrelin

Plasma acyl-ghrelin concentrations were determined
by radioimmunoassay using a specific antibody that rec-
ognizes the N-terminal region, including the
octanoylated Ser® residue (Hosoda et al., 2000). Sixteen
Japanese quails were fasted for 24 h (from 10:00 h): eight
were sacrificed by decapitation after 24 h of fasting; the
remaining eight were supplied with food after the fast
and then sacrificed 3h later. Untreated, free-feeding
quails were sacrificed at 10:00 and 13:00 h as controls.

Following decapitation, blood from the neck was
drawn into chilled polypropylene tubes containing a
proteinase inhibitor, aprotinin (500kIU/ml; Sigma-
Aldrich. St. Louis, USA), and 2Na-EDTA (2mg/ml),
then centrifuged immediately before adding 0.1 N HCI
{10% of the plasma volume). The samples were stored at
—80°C until required.

For determination of ghrelin levels, the plasma was
diluted in 0.9% saline and applied to a Sep-Pak C-18 car-
tridge (Waters, Milford. MA, USA) that had been pre-
equilibrated with 0.9% saline. The cartridge was washed
with saline and 10% CH;CN solution containing 0.1%
trifluoroacetic acid (TFA). The adsorbed peptides were
eluted with 60% CH,CN solution containing 0.1% TFA.
lyophilized, and radioimmunoassayed. The intra- and
interassay coefficients of variation were 6.7 and 3.2%.
respectively.

2.6. Statistical analysis

All results are expressed as means+ SEM. Data were
analyzed by analysis of variance and the post hoc
Fisher's test.
3. Results

3.1. Food intake

In the ip administration group, 3 nmol ghrelin signifi-

cantly (P <0.05) decreased food intake during both the

light (Fig. 1A) and dark periods (Fig. 1B) compared with
the saline-control group. Conversely, 0.5 and | nmol
ghrelin stimulated feeding (Figs. 1A and B). This orexi-
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Fig. 1. Effect of intraperitoneal (ip) administration of ghrelin on food
intake in the Japanese quail. Saline (vehicle control), 0.5, | or Inmol
ghrelin were injected ip at 07:00 h (A) or 19:00 h (B). Each bar and ver-
tical line represents the mean = SEM (17 = 12). "Significantly different
from the saline-treated group: P <0.03.

genic action of small doses of ghrelin was more evident
during the dark period (Fig. |B) than the light period
(Fig. LA). During the first 2 h after the ip injection, the I-
nmol dose of ghrelin stimulated food intake more
potently during the dark period (Fig. 1B) whereas the 3-
nmol dose inhibited feeding more markedly during the
light period (Fig. 1A).

No significant increase in food intake was observed
after icv injections of ghrelin (Figs. 2A and B). Indeed.
0.5 and [ nmol ghrelin inhibited food intake during the
both the light and dark periods (Figs. 2A and B). No sig-
nificant difference was observed between the saline
group and the 0.05nmol ghrelin-treated group (Figs. 2A
and B).

The effects of smaller doses of ghrelin (0.005 nmol icv
and 0.01nmol ip) were examined, but these doses
effected no significant change in food intake (n=06; data
not shown).

3.2. Body temperature

Both ip and icv injections of ghrelin increased body
temperature in a dose-dependent manner (Fig. 3). At
3nmol ip, ghrelin significantly (£ <0.05) increased body
temperature 5, 10, and 20 min after treatment. However,
no such change was observed with 0.5 and 1.0nmol ip
(Fig. 3A). Similarly, 1.0 and 0.5nmol ghrelin icv pro-
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Fig. 2. Effect of intracerebroventricular (icv) administration of ghrelin
on food intake in the Japanese quail. Saline (vehicle control), 0.05, 0.5
or I nmol ghrelin were injected icv at 07:00h (A) or 19:00 h (B). Each
bar and vertical line represents the mean % SEM (1= 12). "Signifi-
cantly different from the saline-treated group: P <0.05.

duced a significant (P <0.035) increase in body tempera-
ture 10-60 and 40-60min after injection. respectively
(Fig. 3B). Although 0.05amol ghrelin also caused an
increase in body temperature, the change was not signifi-
cantly different from that seen with saline alone (i.e., con-
trol birds).

3.3. Plusma ghrelin

Plasma ghrelin levels increased about 3-fold in quails
that had been fasted for 24h compared with the free-
feeding birds. The levels were decreased 3 h after refeed-
ing (Fig. 4). Ghrelin levels differed significantly between
the two groups; levels in both groups were also signifi-
cantly different from those in the free-feeding quail.

4, Discussion

The finding that icv injection of rat ghrelin inhibits
food intake in Japanese quails is in agreement with pre-
vious observations made in chickens (Furuse et al., 2001;
Saito et al.. 2002a). Since the amino acid sequence of rat
ghrelin is quite different from that of the chicken hor-
mone. except for the seven N-terminal residues (Kaiya
et al,, 2002), rat ghrelin could possibly act as an antago-
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Fig. 3. Effect of ip or icy administration of ghrelin on body tempera-
ture in the Japanese quail. Saline (vehicle control). 0.5, 1 or 3nmol of
ghrelin were injected ip (A). and saline (vehicle control). 0.03, 0.5 or
I omol ghrelin were injected icv (B) at 10:00 h. Each bar and vertical
line represents the mean & SEM (n = 6). “Significantly different from
the saline-treated group: P < (.05,
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Fig. 4. Plasma ghrelin levels in free-feeding and 24-h fasted groups of
Japanese quail. Sixteen Japanese quails were fasted for 24h (from
10:00 h). after which eight were sacrificed (dotted bars). The remaining
eight birds were supplied with food after the fast. then sacrificed 3 h
later (black bars). Free-feeding animals were sacrificed at either
10:00 h (left-hand white bar) or 13:00 h (right-hand white bar) as con-
trols, Each bar and vertical line represents the mean = SEM (1= 8).
“Significantly different from the saline-treated group: P<0.05,

nist of the chicken GHS-R, thus inhibiting the effect of
endogenous chicken ghrelin. However, this inhibition
might not be due to an antagonistic effect of rat ghrelin
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at the chick ghrelin receptor, since icv injections of chick
ghrelin also inhibit food intake. Moreover, human or rat
ghrelin can also cause an increase in GH secretion in the
chicken. Therefore, avian ghrelin may act to inhibit food
intake. However, if this is true, one would expect the pat-
tern of plasma ghrelin secretion before and after feeding
to be the reverse of that seen in rats. In the present study,
contrary to our expectations, plasma ghrelin levels were
increased 5-fold compared with those in free-feeding
birds following a 24-h of fast. In addition, allowing the
birds to feed for 3h after the 24-h fast produced a
decrease in their plasma ghrelin levels. These results sug-
gest that increased peripheral ghrelin levels act as a hun-
ger signal rather than a satiety signal. The present study
also demonstrated that ip administration of small doses
(0.5 or 1.0nmol) of ghrelin stimulates food intake; con-
versely, large doses (3.0 nmol) inhibit it (Fig. 1). However,
icv ghrelin consistently decreased feeding. In agreement
with this finding, previous studies have shown that nei-
ther rat nor chicken ghrelin has any transient stimulatory
effect on food intake in neonatal chicks when adminis-
tered centrally (Furuse ct al., 2001; Saito et al.. 2002a).
We do not know the reason for the discrepancy
between the ip and icv effects of ghrelin on feeding regu-
lation, or that between the effects of small and large ip
doses of the peptide. However, are at least two possible
explanations. First. the mechanisms underlying the cen-
tral and peripheral effects of ghrelin on feeding may
differ, perhaps being anorexic and orexigenic, respec-
tively. It has been shown that ghrelin can pass through
the blood-brain barrier in rats (Banks et al., 2002), so it
may be that when the largest dose of ghrelin was injected
ip in the present study, some of it reached central (arcu-
ate nucleus) GHS-Rs through the blood-brain barrier,
thereby inhibiting food intake. An analogous situation
has been observed with neuropeptide YY (PYY) in rats;
peripheral injections of PYY inhibited food intake.
whereas icv injections increased it, suggesting that PYY
acts both orexigenically and anorexically depending
upon whether it is located centrally or peripherally
(unpublished data). The existence of peripheral sensors
for ghrelin is suggested by the finding that GHS-R
mRNA is distributed in various peripheral organs. such
as the stomach and intestine, in the adult chicken
(Tanaka et al.. 2003). Peripheral ghrelin acts via gastric
vagal afferent nerves (Date et al. 2002). The ghrelin sig-
nals from peripheral GHS-Rs may be converted to neu-
rotransmitter-mediated signals in the nucleus of the
solitary tract. This neurotransmitter could have the
opposite effect to direct release of ghrelin in the hypo-
thalamus. Second, ghrelin may act to down-regulate the
GHS-R. GHS-Rs may become saturated following the
administration (either ip or icv) of a large dose of ghrelin
(Figs. | and 2). This might in turn cause a down-regula-
tion of feeding stimuli, thus inhibiting food intake. The
stimulatory effect of ghrelin on food intake was more

marked during the dark period (resting phase) (Fig. 1B)
than the light period (active phase) (Fig. |A). The inverse
was found following ip injections of I nmol ghrelin,
which inhibited food intake over the 12-h light period
but stimulated it during the 12-h dark period. This differ-
ence may be attributable to differences in the number of
unsaturated receptors present when hungry (ie., during
the dark period) and sated (i.e., during the light period).
It appears that relatively low levels of this peptide are
sufficient to stimulate food intake in the Japanese quail,
but further studies are required to confirm this.

Ahmed and Harvey (2002) found that ghrelin immuno-
reactivity was present in the chicken hypothalamus,
although not, as in rats, in the arcuate (infundibular)
nucleus. Discrete parvocellular cells and neuronal fibers
with ghrelin immunoreactivity were present in the anterior
medial hypothalamus. This restriction of ghrelin immuno-
reactivity to the hypothalamus of chicks suggests that it
evolved phylogenetically as a neuropeptide rather than as
a gastrointestinal hormone. Since the parvocellular cells in
the hypothalamus are thought to connect with portal
blood vessels in the median eminence, the presence of
ghrelin in the anterior medial hypothalamus suggests that
it may be a hypophysiotropic releasing factor that stimu-
lates pituitary GH release after secretion into the hypo-
thalamo-hypophyseal circulation (Ramesh et al.. 2000).

Ghrelin injected either peripherally (Fig. 3A) or cen-
trally (Fig. 3B) caused a transient, dose-dependent
increase in body temperature, suggesting that it might
affect energy expenditure in birds. After ip or icv admin-
istration of large doses of ghrelin, changes in feeding
may produce a transient change in body temperature.
The mechanism underlying this transient thermal change
is unclear. but may involve changes in metabolism
because the regulatory center for body temperature is
located close to the feeding center in the hypothalamus.
Daily 2-h food restriction in rats has been found to
induce anticipatory increases in body temperaturc (Bou-
los and Terman, 1980), suggesting that the regulatory
mechanisms for temperature and feeding may be linked.
Further studies are required to confirm this possibility.

Earlier studies that reported the inhibitory effect of
ghrelin on food intake in domestic chickens used the lat-
eral ventricle as the route for central injections (Furuse
et al, 2001; Saito et al., 2002a) whereas in our study we
used the third ventricle. We also observed an inhibitory
effect of ghrelin on food intake. Therefore, although the
route of injection was different from that used in the pre-
vious studies in chickens, the results for both chickens
and Japanese quails were the same, and both were the
opposite to those reported for mammals, suggesting that
the site of injection does not influence the differences
between birds and mammals.

In conclusion, the results of the present study suggest
that an increase in peripheral ghrelin acts as a hunger
signal to stimulate food intake in the Japanese quail.
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Ghrelin, an acylated peptide serving as an endogenous ligand
for GH secretagogue receptor (GHS-R), was originally isolated
from rat and human stomach. In this study, we report the
critical role of maternal ghrelin in fetal development. High
levels of ghrelin receptor (GHS-R) mRNA were detected in
various peripheral fetal tissues beginning at embryonic d 14
and lasting until birth. Fetal GHS-R expression was also con-
firmed in fetal tissues by immunochistochemistry. Autoradiog-
raphy revealed that both des-acyl ghrelin and acyl ghrelin
bind to fetal tissues. Chronic treatment of mothers with
ghrelin resulted in a significant increase in birth weight in
comparison to newborns from saline-treated mothers. Even
when maternal food intake after ghrelin treatment was re-
stricted through paired feeding, significant stimulation of fe-
tal development still occurred. Conversely, active immuniza-

tion of mothers against ghrelin decreased fetal body weight
during pregnancy. A single ghrelin injection into the mother
inereased circulating ghrelin levels in the fetus within 5 min
of injection, suggesting that maternal ghrelin transits easily
to the fetal circulation. High levels of des-acyl ghrelin were
detected in fetal blood and amniotic fluid. Both acylated and
des-acyl ghrelin increased [*Hlthymidine and 5-bromo-2'-de-
oxyuridine incorporation of cultured fetal skin cells in a dose-
dependent manner, and calcium-imaging analysis revealed
that acyl and des-acyl ghrelin increased the Ca®* influx in
discrete cultured fetal skin cells, respectively. These results
indicate that maternal ghrelin regulates fetal development
during the late stages of pregnancy. (Endocrinology 147:
1333-1342, 2006)

HRELIN, RECENTLY purified from rat and human
stomachs as an endogenous ligand for the GH secre-
tagogue receptor (GHS-R), is a 28-amino acid peptide with
an j-octanoylation modification at Ser” (1). This octanoyla-
tion is important for the stimulation of GH secretion from the
pituitary gland (1). Although cells immunostained for
ghrelin are distributed widely in the stomach, hypothala-
mus, pituitary gland, liver, kidney, pancreas, and placenta,
the main source of circulating ghrelin is considered to be the
gastrointestinal tract (2-6). Both acylated and des-acyl
ghrelin are observed in the peripheral circulation, the levels
of des-acyl ghrelin being higher (7, 8). Several studies on the
physiological function of ghrelin have demonstrated that, in
addition to stimulating GH secretion, ghrelin also stimulates
food intake and body weight gain independent of GH se-
cretion (8-13). It is likely that the appetite-stimulating effect
of peripheral ghrelin is due to action via the afferent vagal
nerve (14). In contrast, the central effect is thought to be via
neuropeptide Y and agouti-related peptide secretion from
the arcuate nucleus in the hypothalamus (11, 15). Adminis-
tration of ghrelin continuously to rodents resulted in fat
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Abbreviations: BrdU, 5-Bromo-2’-deoxyuridine; E, embryonic day;
GHS-R, GH secretagogue receptor; mcKLH, mariculture keyhole limpet
hemocyanin.
Endocrinology is published monthly by The Endocrine Society (http:/
www.endo-society.org), the foremost professional society serving the
endocrine community.

deposition and obesity (9). These effects of ghrelin on appe-
tite and fat deposition are counteracted by leptin (11). These
results imply that ghrelin may play an important role in the
regulation of food intake and energy expenditure.

The ghrelin receptor GHS-R, highly conserved from teleost
fish to humans, is expressed widely in both central and
peripheral organs, including the brain, pituitary gland, and
pancreas (16-19). The broad distribution of GHS-R suggests
that ghrelin may play important roles in addition to those
mentioned above. It has been also demonstrated that ghrelin
might be involved in stomach motility (10), gastric acid se-
cretion (20), insulin and gastrin release (21), the cardiovas-
cular system, and stress reactions (12). In addition, we dem-
onstrated previously that neonatal rats treated daily with
ghrelin for 2 or 3 wk from birth showed faster eye and vaginal
opening than those of saline-treated group (22), suggesting
that ghrelin may be involved in neonatal development.
Therefore, it has been assumed that ghrelin from the mater-
nal stomach or placenta during pregnancy may play a role
in fetal development. In the present study, we examined the
possible involvement of maternal ghrelin in rat fetal
development.

Materials and Methods
Animals
Wistar rats were housed under controlled temperature (23 = 1 C) and

regulated 12-h light 12-h dark conditions (lights on at 0700 h). Female
rats were mated on the day of proestrus at approximately 3 months old.
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The next estrus day was considered to be d 0 of pregnancy. As reported
previously, delivery usually occurs in our rat colony during the morning
on d 21 of pregnancy (23). The average number (xs5eM) of pups per
mother at delivery was 13.10 = 1.78 (n = 122). All procedures were
performed in accordance with the Japanese Physiological Society’s
guidelines for animal care.

RT-PCR for GHS-R 1la mRNA

Total RNA was extracted from fetal tissues on d 14, 15, and 19 of
pregnancy using Trizol reagent (Invitrogen, Carlsbad, CA) as described
previously (24). First-strand cDNA was synthesized from 2 ug of total
RNA by random primer RT. The resulting cDNA was subjected to PCR
amplification using sense and antisense primers specific for GHS-Rla
(24). PCR products were electrophoresed on a 2% agarose gel. GAPDH
was used as a control housekeeping gene.

Autoradiography for [***IJacyl ghrelin

Fetuses [embryonic d 17 (E17)} were embedded in Tissue-Tec OCT
compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan) and frozen.
Sections cut using a cryostat were mounted on gelatin-coated glass
slides. Autoradiography was performed as described previously (14)
with the following minor modifications. After preincubation for 30 min
in incubation buffer at room temperature, sections were incubated for
12 h at 4 C in buffer containing 20 ng/ml rat ["**I-Tyr*’Jacylated rat
ghrelin. Nonspecific binding was determined in the presence of excess
unlabeled acyl or des-acyl rat ghrelin (10 pg/ml). Sections were then
exposed to an IP plate (Fuji Film, Tokyo, Japan) for 12 h and analyzed
on BAS-5000 (Fuji Film).

Preparation of anti-GHS-R serum

The [Cys"]-rat GHS-R [342-364] peptide was synthesized using the
Fmoc solid-phase method on a peptide synthesizer (433A; Applied Bio-
systems, Foster City, CA), then purified by reverse phase-HPLC. The
synthesized peptide (10 mg) was conjugated to maleimide-activated
mariculture keyhole limpet hemocyanin (6 mg) (mcKLH; Pierce, Rock-
ford, IL} in conjugation buffer {Pierce). The conjugate was emulsified
with an equal volume of Freund’s complete adjuvant and was used to
immunize New Zealand white rabbits by intracutaneous and sc injec-
tion. Animals were boosted every 2 wk and bled 7 d after each injection.
The specificity of the antisera was confirmed by the immunoreactivity
of GHS-R-expressing cells (CHO-GHSR62 cells) and lack thereof in
control cells.

Immunohistochemistry for GHS-R

Immunohistochemical analyses for GHS-R were performed on frozen
fetuses (E17 and 19) using a modification of a method that has been
described previously (25). The fetuses were placed in fixative for 5 d at
4 C and then transferred to 0.1 m phosphate buffer containing 20%
sucrose. They were cut into serial, 12-um-thick sections at —20 C with
a cryostat. The sections were incubated for 2 d with a rabbit-anti-GHS-R
antibody at 4 C. Slides were then incubated with Alexa-346-labeled
goat-antirabbit 1gG antibody (Molecular Probes, Inc., Eugene, OR; di-
lution 1:400). Samples were observed with the aid of an Olympus AX-70
fluorescence microscope (Olympus, Tokyo, Japan). To examine the spec-
ificity of GHS-R antibody in tissue sections, the reaction was also per-
formed using GHS-R antibody that had been preabsorbed with excess
synthetic GHS-R (10 ug).

Measurement of acyl and des-acyl ghrelin, IGF-],
and corticosterone

Levels of acyl or des-acyl ghrelin were measured by specific ELISA
kits for acyl or des-acyl ghrelin (Mitsubishi Kagaku latron, Inc., Tokyo,
Japan). The ELISA can detect each acyl or des-acyl ghrelin using two
specific antibodies recognizing only acyl ghrelin (octanoylation modi-
fication at [Ser’]-ghrelin [1-11}) or only des-acyl ghrelin (nonoctanoy-
lation modification at [Ser®]-ghrelin [1~11]). Blood collected from preg-
nant rats and their fetuses was immediately put into chilled
polypropylene tubes containing a protease inhibitor, aprotinin (Sigma-

Nakahara ef al. ® Maternal Ghrelin and Fetal Development

Aldrich, St. Louis, MO), and 2Na-EDTA and then centrifuged. We then
added a 10% plasma volume of 0.1 n HCl. Maternal blood was taken at
0830 h (satiety phase) at 2-d intervals from d 11-21. Fetal blood and
amniotic fluid were collected on d 17, 19, and 21.

To examine the transit of maternal acyl ghrelin to the fetal circulation,
acyl ghrelin (0.2 and 20 nmol) or saline was injected into pregnant rats
iv under light ether anesthesia on d 19 of pregnancy (n = 12 per group).
Blood was then collected from both the mother and fetus at 5, 10, and
30 min after injection.

To determine the effect of maternal treatment with acyl ghrelin on
plasma IGF-I and corticosterone levels in the fetal circulation, fetal
plasma IGF-I and corticosterone levels were measured by enzyme im-
munoassay kit (Funakoshi, Tokyo, Japan) and [***Ijcorticosterone RIA
kit (ICN Biomedicals, Costa Mesa, CA), respectively. The limit of assay
sensitivity was 5 ng/ml for IGF-I and 20 ng/ml for corticosterone. The
intra and interassay coefficients of variation were 5 and 16%, respec-
tively, for IGF-I, and 6 and 12%, respectively, for corticosterone.

Ghrelin administration and neonatal body weights

We sc injected either saline, acyl ghrelin (1.5 or 3.0 nmol), or des-acyl
ghrelin (3.0 nmol) three times a day (at 0830, 1330, and 1830 h) from d
14 to delivery, or continuously infused vehicle, acyl ghrelin (0.125 or 0.5
nmol/h) or des-acyl ghrelin (0.5 nmol/h) through an osmotic mini-
pump implanted sc from d 15 until delivery (n = 10 per group) (11, 26).
We also injected 3 nmol acyl ghrelin three times a day from d 14 to
delivery into pair-fed pregnant rats and the effect was compared with
saline-treated pregnant rats. Neonatal body weights were measured on
the day of delivery. If the pups numbered more than 15 or less than 11
they were excluded from the analyses.

Passive immunization for acyl ghrelin

Rat acyl ghrelin (3 mg) was conjugated to a carrier protein, mcKLH
(3 mg), in conjugation buffer (Pierce) (7). Each conjugate was emulsified
with an equal volume of Freund’s adjuvant. Immunization, initiated by
intradermal injection in 44-d-old female rats, was repeated six times at
2-wk intervals. As a control antigen, carrier protein alone without
ghrelin was administered. Rats were mated on d 114 after the fifth
immunization. The antibody titers were verified in diluted plasma every
10 d after immunization using {'*Ijghrelin binding capacity.

Quantitative RT-PCR of GH mRNA in fetal pituitary

The pituitary gland and blood were collected from E19 and E20
fetuses, isolated from the mothers’ implanted osmotic minipump (acyl
ghrelin 0.5 nmol /h and saline). GH mRNA expression was measured by
real-time quantitative PCR as described previously (25). Experiments
contrasted the relative levels of both GH and GAPDH transcripts in
every sample. The total RNA from each tissue was extracted using an
RNeasy Micro kit (Qiagen, Valencia, CA) and synthesized into first-
strand cDNA using an iScript cDNA Synthesis kit (Bio-Rad Laboratories,
Hercules, CA). An aliquot of the first-strand ¢<DNA (40-100 ng tissue
equivalent) was quantified on an iCycler (Bio-Rad Laboratory) using iQ
SYBR Green Supermix (Bio-Rad Laboratory) with primers to amplify
GAPDH (25) and GH specifically (26).

Incorporation of [PH]thymidine or 5-bromo-2'-deoxyuridine
(BrdU) into cultured cells

We assessed the effect of acyl and des-acyl ghrelin administration on
the proliferation of fetal skin cells by measuring the incorporation of
PH]thymidine (2 uCi/ml) or BrdU (10 pm). Dispersed fetal skin cells
were prepared from E17 fetuses by sequential collagenase treatment,
papain digestion, and mechanical desegregation. Dispersed cells were
then suspended in MCDB15°HAA medium (F-Peptide Co., Ltd., Yama-
gata, Japan) containing 2% fetal calf serum, penicillin (100 U/ml), strep-
tomycin (100 pg/ml), and 5 ng/ml epidermal growth factor. Cells were
seeded in polyethylenimine-coated 48- and 96-well dishes at densities of
5 X 10° per well and 3 X 10* per well for the [*H]thymidine and BrdU
experiments, respectively. BrdU was detected using a Cell Proliferation
ELISA Kit (Roche Diagnostic GmbH, Mannheim, Germany), as reported
by Kusunoki ¢t al. (27).
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