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Growth hormone secretagogues (GHSs) stimulate GH secretion and food intake. GHS receptor (GHS-R) mRNA has
been identified mainly in the arcuate nucleus (Arc) and ventromedial nucleus of the hypothalamus and in the pituitary.
Ghrelin, an endogenous ligand for GHS-R, has recently been purified from rat stomach. Although ghrelin is also
expressed in the hypothalamus, the physiological significance of the ghrelin/GHS-R system is still unknown. We have
created transgenic (Tg) rats expressing an antisense GHS-R mRNA under the control of the promoter for tyrosine
hydroxylase (TH), thus selectively attenuating GHS-R protein expression in the Arc. Tg rats had lower body weight and
less adipose tissue than did control rats. Daily food intake was reduced, and the stimulatory effect of GHS treatment on
feeding was abolished in Tg rats. GH secretion and plasma insulin-like growth factor-I levels were reduced in female Tg
rats. These results suggest that GHS-R in the Arc is involved in the regulation of GH secretion, food intake, and adiposity.
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Introduction
Growth hormone secretagogues (GHSs), which were
developed from met-enkephalin based on conforma-
tional energy calculations, peptide chemistry, and bio-
logical activity, stimulate GH secretion via a specific
receptor (1). An intracerebroventricular (ICV) injec-
tion of GHS also stimulates food intake in freely feed-
ing rats (2). The GHS receptor (GHS-R) was cloned
and found to be a member of the G protein–coupled
receptor superfamily (3). The expression of GHS-R
mRNA is observed by in situ hybridization or an
RNase protection assay mainly in the arcuate nucleus
(Arc) and ventromedial nucleus of the hypothalamus
and in the pituitary (4). Ghrelin, an endogenous lig-
and for GHS-R, has recently been isolated from stom-
ach extracts of rats and subsequently cloned in rats
and humans (5). Ghrelin-producing cells are found in
the hypothalamus as well as in the stomach (5). As
expected, ICV administration of ghrelin stimulated
GH secretion and food intake in rats (6, 7). Daily
peripheral administration of ghrelin caused weight
gain by reducing fat utilization in mice and rats (8).
However, the physiological role of endogenous ghre-
lin in the hypothalamus is still unknown.

To attenuate GHS-R expression in vivo, we attempt-
ed to create transgenic (Tg) rats with impaired GHS-R
function in the hypothalamus, especially in the Arc. For
this purpose, we used a construct that expresses GHS-
R–specific antisense RNA under the control of the pro-
moter for tyrosine hydroxylase (TH). TH is the rate-lim-

iting enzyme in catecholamine biosynthesis and is a
marker for the dopaminergic neurons in the hypothal-
amus. TH-like immunoreactivity is present in most
neurons in the ventral part of the Arc that contain 
GH-releasing hormone (GHRH) (9). GHS-R mRNA
hybridizing cells show an extensive overlap with
GHRH-expressing neurons (10). These results suggest
that a certain number of GHS-R–expressing neurons in
the Arc also contain TH. Tg mice bearing a fusion gene
containing the TH promoter and the coding region of
the human GH gene have been generated, and these Tg
mice showed human GH–like immunoreactivity in all
the catecholaminergic neurons in the hypothalamus
(11). Based on this report, an antisense GHS-R mRNA
under the control of the TH promoter would be expect-
ed to suppress GHS-R expression in the Arc. Therefore,
in the present study we have generated Tg rats that
express an antisense GHS-R mRNA under the control
of the TH promoter to determine the physiological role
of the ghrelin/GHS-R system in the hypothalamus.

Methods
Generation of Tg rats. To construct the antisense GHS-R
fusion gene, a synthetic 108-nucleotide DNA fragment
spanning the 5′ extracellular region of GHS-R was
cloned in the antisense orientation into the vector
4.5THpAL+ (kindly provided by Dona Chikaraishi),
which contains 4.5 kb of the upstream region of the rat
TH gene (11). The antisense orientation of the cloned
fragments was verified by DNA sequencing. A 4.8-kb
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EcoRV-SalI fragment was then microinjected into fer-
tilized eggs of slc:SD rats. Insertion of the DNA was
confirmed by PCR analysis of tail DNA. In the experi-
ments described below, the wild-type (slc:SD) inbred
strain was used as the control group. All experiments
were approved by the Animal Research Committee of
Nippon Medical School.

RNA isolation and analysis. Total RNA was extracted
from tissues of Tg rats, and GHS-R antisense mRNA
was detected using RT-PCR. cDNA was obtained from
1 µg of total RNA using avian myeloblastosis virus
reverse transcriptase (Takara Biomedicals, Tokyo,
Japan). The synthesized cDNA was amplified by PCR
with sense primer 5′-CTGCAGGAATTCCAGCGGCA-3′
and antisense primer 5′-TTTAAGGGCACGGGCTGCAG-
3′. PCR amplification involved an initial period of
denaturation at 94°C for 3 minutes followed by 
30 cycles consisting of 1 minute of denaturation at 
94°C, 1 minute of annealing at 62°C, and 1 minute of 

extension at 72°C. The PCR products were separated
on a 2% agarose gel, and the bands were visualized
with ethidium bromide staining.

In situ hybridization. To make an RNA probe for TH, a
475-bp fragment (nucleotides 789–1263) of the rat TH
gene was amplified by RT-PCR, subcloned into pGEM-
T Easy Vector (Promega Corp., Madison, Wisconsin,
USA), and labeled with Biotin RNA Labeling Mix
(Roche Diagnostics GmbH, Mannheim, Germany). For
a GHS-R antisense probe, a synthetic 108-nucleotide
DNA fragment of the GHS-R gene was also subcloned
into pGEM-T Easy Vector and labeled using the DIG
RNA Labeling Kit (Roche Diagnostics GmbH). Rats
were perfused with paraformaldehyde, and brain was
removed and kept in fixative containing 20% sucrose.
Frozen 8-µm sections of brain were cut. Hybridization
was performed at 42°C for 12 hours, and then slides
were washed. Hybridized TH probes were detected using
the TSA Biotin System (NEN Life Science Products Inc.,
Boston, Massachusetts, USA) and NBT/BCIP solution
(Roche Diagnostics GmbH). Hybridized GHS-R anti-
sense probes were also detected with the TMB substrate
kit (Vector Laboratories, Burlingame, California, USA).

Western blot analysis. Hypothalamic nuclei of Tg and
control rats were isolated as described by Palkovits (12).
Tissues were lysed in RIPA buffer (50 mM Tris-HCl at
pH 8.0, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40,
150 mM NaCl, and 0.5% deoxycholic acid) containing
1 mM phenylmethylsulfonyl fluoride (Sigma Aldrich,
St. Louis, Missouri, USA), then homogenized with a
glass homogenizer and centrifuged at 15,000 g for 15
minutes. The protein concentrations of the super-
natants were determined with the DC protein assay
(Bio-Rad Laboratories Inc., Hercules, California, USA).
Equal amounts of each sample were separated by elec-
trophoresis through 10% sodium dodecyl sulfate–poly-
acrylamide gels as described previously (13). Gels were
then blotted onto nitrocellulose membranes (Amer-
sham Pharmacia Biotech, Piscataway, New Jersey, USA).
The membranes were incubated overnight at 4°C with
the antibody against GHS-R (1:1,000 dilution) (13).
Immunocomplexes were visualized with the ECL West-
ern blotting analysis system (Amersham Pharmacia
Biotech). As an internal control, the levels of β-tubulin
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Figure 1
Generation of Tg rats expressing an antisense GHS-R gene. (a)
Schematic structure of the antisense GHS-R transgene. (b) Gross
appearance of a 6-week-old Tg rat and its non-Tg littermate. (c)
Expression of the antisense GHS-R gene in Tg rats. Lane 1, hypo-
thalamus; lane 2, heart; lane 3, liver; lane 4, kidney; lane 5, testis;
lane 6, pituitary.

Figure 2
In situ hybridization of GHS-R antisense mRNA
and TH mRNA in the Arc of Tg rats. (a) Low
magnification (scale bar: 60 µm). (b) High mag-
nification (scale bar: 6 µm). Almost all the TH
neurons (purple) express GHS-R antisense
mRNA (blue). Cells with double staining are indi-
cated by arrows. 3V, third ventricle.



were also examined using the anti–rat β-tubulin mon-
oclonal antibody (clone TUB 2.1; ICN Biomedicals Inc.,
Aurora, Ohio, USA).

Immunocytochemistry. Rats were anesthetized with pen-
tobarbital and perfused via an intracardiac cannula with
PBS followed by 4% paraformaldehyde. The brain was
removed, left overnight in 4% paraformaldehyde, and
then transferred to 20% sucrose/PBS. Sections (30 µm)
were cut with a sledge microtome and mounted onto
gelatinized slides. Immunocytochemistry was per-
formed using the antibody against GHS-R as previous-
ly described (13). Briefly, sections were incubated in the
primary antiserum (1:100 dilution) for 48 hours at
room temperature. Immunostaining was done using
the avidin-biotin complex method (Vectastain ABC
Elite kit; Vector Laboratories). The reaction product was
visualized using a nickel-intensified 3,3′-diaminobenzi-
dine reaction (Sigma Aldrich). Immunocytochemistry
for TH was performed using an anti-TH polyclonal anti-
body (1:100,000 dilution; Chemicon International,
Temecula, California, USA) and visualized using the VIP
substrate kit (Vector Laboratories). For double-staining
immunocytochemistry, 20-µm sections were processed
for immunocytochemical detection of GHS-R using the
VIP substrate kit (Vector Laboratories). Every third sec-
tion was incubated with either an anti-GHRH antibody
(14) (1:5,000 dilution) or anti–neuropeptide Y (NPY)
antibody (15) (1:5,000 dilution) for 24 hours at room
temperature. Immunostaining was visualized using the
Vector SG substrate kit (Vector Laboratories).

Animal preparations and general protocol. Tg and control
rats were housed in air-conditioned animal quarters,
with the lights on between 0800 hours and 2000 hours,
and were given rat lab chow and water ad libitum. Rats
(8 weeks old) were anesthetized with pentobarbital (50
mg/kg intraperitoneally), and a catheter was inserted
into the right jugular vein.

Five Tg and five control rats were randomly injected
intravenously with KP-102, a GHS that is also known
as GHRP-2 (1 µg/kg; Kaken Pharmaceutical Co.,

Tokyo, Japan). Blood samples were collected at 0, 5, 10,
15, 30, and 60 minutes after injection. At the end of the
experiment, plasma aliquots were assayed for rat GH
with a radioimmunoassay. 

To study the GH secretory pattern, rats were anes-
thetized and provided with an indwelling right atrial
cannula 5 days prior to the study. Serial blood speci-
mens (20 µl) were withdrawn via the cannula every 10
minutes with an automatic blood sampling device
described by Clark and colleagues (16). Blood was col-
lected from 0800 hours to 1600 hours. Each blood spec-
imen was automatically diluted with heparinized saline
(1:5) and assayed directly for rat GH. For the experi-
ments on food intake, rats (6 weeks old) were anes-
thetized with pentobarbital, and a polyethylene guide
cannula was implanted into the right lateral ventricle as
previously described (17, 18). Five days after the opera-
tion, the animals were placed individually in metabolic
cages and allowed free access to rat lab chow and water.
All experiments were conducted between 1300 hours
and 1500 hours. KP-102 or saline was administered
intracerebroventricularly in a volume of 2 µl over 3 min-
utes, and food intake during the following 2 hours was
measured. Daily food consumption was measured from
weaning to 12 weeks of age in a cage (30 cm × 30 cm, 38
cm in height) equipped with a complete automatic feed-
ing system (PAW 2000; Toyo Industry Co., Tokyo,
Japan) connected to a computer.

Hormone assays. Blood was obtained by decapitation
early in the morning. GH levels were measured with a
radioimmunoassay using materials supplied by NIDDK.
Prolactin levels were measured with a rat prolactin assay
system (Amersham Pharmacia Biotech). Insulin-like
growth factor-I (IGF-I) levels were determined with a
radioimmunoassay kit (Diagnostic Systems Laborato-
ries Inc., Webster, Texas, USA) after extraction. Plasma
ghrelin concentrations were measured using a ghrelin
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Figure 3
Western blot analysis of GHS-R protein in the hypothalamic nuclei of
Tg rats. The levels of GHS-R protein were corrected for β-tubulin lev-
els. Data is presented as mean ± SE for five 8-week-old rats. *P < 0.05
versus control rats. VMH, ventromedial nucleus of the hypothalamus.

Figure 4
Immunocytochemistry of GHS-R protein in the Arc of control (a and
c) and Tg (b and d) rats. (a and b) Low magnification (scale bar: 60
µm). (c and d) High magnification (scale bar: 24 µm).



EIA kit (Phoenix Pharmaceuticals Inc., Belmont, Cali-
fornia, USA) after extraction with Sep-Pak Plus C18
(Waters Corp., Milford, Massachusetts, USA).

Statistical analysis. All values were expressed as mean ±
SEM. Statistical analysis was performed with ANOVA
followed by the Fisher least significant difference test.

Results
Generation of Tg rats. We developed Tg rats that express
an antisense RNA for the GHS-R gene under the con-
trol of the TH promoter and have reduced levels of
GHS-R protein (Figure 1a). The antisense construct was
designed to be specific for the region around the initi-
ation codon of GHS-R. Transcription of the antisense
sequence was driven by the TH promoter, which usual-
ly exhibits activity in GHRH-containing neurons in the
Arc (9, 19, 20). Fourteen Tg founder rats were identified
using PCR analysis and then crossed with wild-type
slc:SD rats. RT-PCR analysis of the hypothalamus
showed higher expression of the antisense mRNA in
two lines (termed 3-4 and 9-4) than in the other lines,
and these two lines were selected to generate homozy-
gous rats. Hemizygous Tg rats of the two lines were the
same size, but were significantly smaller than the non-
Tg control rats. Since homozygous rats of the 9-4 line
were successfully established first, the 9-4 line was used
for the analysis. The homozygous Tg rats were smaller
and leaner than the control rats (Figure 1b). Expression
of the antisense mRNA was detected in the hypothala-

mus using RT-PCR, whereas there was no detectable
antisense mRNA in the heart, liver, kidney, testis, and
pituitary of Tg rats (Figure 1c). To examine whether the
antisense mRNA is in fact in the TH neurons in the
hypothalamus of Tg rats, double-label in situ hybridiza-
tion was performed. The antisense mRNA was detected
in all the catecholaminergic neurons, whereas no
ectopic expression was observed in any brain region of
the Tg rats (data not shown). In the Arc, almost all the
TH neurons had the antisense mRNA (Figure 2). There
was no detectable antisense mRNA in the hypothala-
mus of control rats (data not shown). We compared
GHS-R protein levels in the Arc and ventromedial
nucleus of the Tg rats with those in the same nuclei of
control rats using Western blot analysis. A decrease in
the levels of GHS-R protein was seen in the Arc of the
Tg rats, whereas there was no significant difference
between Tg and control rats in the levels of GHS-R pro-
tein in the ventromedial nucleus (Figure 3).

Immunocytochemistry. Immunocytochemistry for
GHS-R demonstrated that the number of GHS-R–pos-
itive neurons was remarkably decreased in the Arc of Tg
rats compared with control rats (Figure 4). GHS-R–like
immunoreactivity was completely eliminated by addi-
tion of the synthetic GHS-R fragment (amino acid
residues 248–260) used to raise the antiserum (data not
shown) (13). The distribution of TH-immunoreactive
cell bodies and fibers was similar between Tg and con-
trol rats (Figure 5).
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Figure 5
Immunocytochemistry for TH in control and Tg rats.
Scale bars: 40 µm.

Figure 6
Double-labeling immunocytochemistry for
GHS-R and either GHRH (a and b) or NPY (c
and d). (a and b) Double-labeling immunocy-
tochemistry for GHS-R (purple staining) and
GHRH (gray staining) in control (a) and Tg (b)
rats. Cells with double staining are indicated by
arrows. (c and d) Double-labeling immunocy-
tochemistry for GHS-R (purple staining) and
NPY (gray staining) in control (c) and Tg (d)
rats. Cells with double staining are indicated by
arrows. Scale bars: 10 µm.



Double-labeling immunocytochemistry showed that
many GHRH-immunoreactive neurons in the Arc of
control rats contained GHS-R–like immunoreactivity,
whereas there were only a few GHRH-immunoreactive
neurons that also had GHS-R–like immunoreac-
tivity in Tg rats (Figure 6, a and b). Some, but not
all, NPY-immunoreactive neurons in the Arc of
both control and Tg rats contained GHS-R–like
immunoreactivity (Figure 6, c and d). There were
several NPY-immunoreactive neurons in the Arc
of both control and Tg rats that seemed to lack
GHS-R–like immunoreactivity.

Body weight and body fat of Tg rats. Tg rats were
significantly smaller at birth, and a significant
difference in body weight between Tg and con-
trol rats was continuously observed throughout
the first 12 weeks after birth (Figure 7a). Tg rats
had lower body weight/nose-tail length ratios,
indicating that Tg rats were lean compared with
control rats (Figure 7b). Tg rats had less adipose
tissue than did control rats (Figure 7c). In male
rats, significant differences in epididymal and
mesenteric fat as percentage of body weight were

found between the two groups (Figure 7c). Also, the
percentages of mesenteric and retroperitoneal fat tis-
sues were significantly decreased in Tg female rats com-
pared with those in the control female rats (Figure 7c).

GH secretory pattern and plasma IGF-I, ghrelin, and pro-
lactin concentrations in Tg rats. To identify GH pulses and
baseline levels, data obtained from each rat were ana-
lyzed with the PULSAR computer program developed
by Merriam and Wachter (21). The usual high bursts of
pulsatile GH secretion were observed in male Tg rats
(Figure 8), and there was no significant difference in
pulse frequency and baseline concentrations between
Tg and control male rats. On the other hand, while the
blood GH concentrations of control female rats
showed irregular small fluctuations and high baseline
levels, Tg female rats showed low baseline concentra-
tions and few pulses (Figure 8). Baseline GH concen-
trations in female Tg rats (9.3 ± 0.69 ng/ml) were sig-
nificantly reduced compared with those in control
female rats (23.5 ± 2.4 ng/ml, P < 0.05), and also, pulse
frequency measured over a period of 8 hours was sig-
nificantly decreased in female Tg rats (2.7 ± 0.25) com-
pared with the control female rats (8.0 ± 0.1, P < 0.05).
The plasma IGF-I levels were significantly lower in
female Tg rats than in control female rats, whereas
there was no significant difference in plasma IGF-I lev-
els between Tg and control male rats (Figure 9). Plasma
ghrelin levels were similar between Tg and control male
rats (Tg, 350 ± 74 pg/ml; control, 198 ± 32 pg/ml). Also,
there was no significant difference in plasma prolactin
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Figure 7
Characterization of Tg rats. (a) Body weight curves. Each data point
represents mean ± SEM of 8–25 rats (the error bars are smaller than
the symbols for many of the data points). *P < 0.05 versus control rats.
(b) Body weight/nose-tail length ratios at 4 and 8 weeks of age. Data
are presented as mean ± SEM of six rats. *P < 0.05 versus control rats.
(c) Adipose tissue (epididymal, mesenteric, and retroperitoneal) weight
as a percentage of body weight of 8-week-old Tg rats. Columns repre-
sent the mean ± SEM of six rats. *P < 0.05 versus control rats.

Figure 8
Representative blood GH profiles of Tg and control rats. rGH, rat GH.



levels between Tg and control male rats (Tg, 3.6 ± 1.9
ng/ml; control, 7.4 ± 1.6 ng/ml).

Effect of a GHS on GH release in Tg rats. In both male and
female rats, the response of GH to KP-102 in Tg rats
was significantly lower than that in control rats (Figure
10). The area under the GH curve was significantly
smaller in Tg rats than in control rats (data not shown).

Food intake in Tg rats. Male Tg rats ate less than age-
matched control male rats ate from weaning to 8
weeks of age (Figure 11a). Similarly, the food con-
sumption of female Tg rats was less than that of age-
matched control female rats at 3, 4, 5, 6, 8, and 9 weeks
of age (Figure 11a). As previously reported by our
group, ICV injection of KP-102 significantly and dose-
dependently increased food intake in normal control
rats (2, 17, 18), whereas the effect of KP-102 on food
intake was completely abolished in Tg rats (Figure
11b); even the highest dose of KP-102 (300 ng) did not
increase food intake in Tg rats.

Discussion
The ability to delete a gene of interest in a tissue-specif-
ic manner is a considerable advantage in studying the
function of the gene. There are successful examples of
the use of antisense mRNA in Tg animals for tissue-spe-
cific inhibition of target gene expression (22–24). In the
present study, antisense GHS-R mRNA fused with the
rat TH gene promoter (11) was used to disrupt the func-
tion of GHS-R in the hypothalamus, especially in the
Arc. In fact, the expression of the antisense GHS-R
mRNA was detected in almost all the TH neurons in the
Arc of Tg rats, while no ectopic expression of the anti-
sense mRNA was detected in neurons other than the TH
neurons or peripheral tissues. Based on Western blot
analysis and immunocytochemistry, GHS-R protein lev-
els were decreased in the Arc of Tg rats compared with
those of control rats, whereas there was no significant
difference in GHS-R protein levels in the ventromedial
nucleus between Tg and control rats. The distribution
of TH in the Arc was not altered in Tg rats. These data
indicate that the amount of antisense GHS-R mRNA
accumulated was sufficient to suppress the synthesis of
GHS-R protein in the Arc.

GH secretion has been shown to be regulated by two
antagonistic hypothalamic peptides: GHRH, which

stimulates, and somatostatin, which inhibits GH secre-
tion from the pituitary. GHRH-containing neurons in
the Arc have been proposed to be one of the central tar-
gets of ghrelin/GHS in stimulating GH secretion (10,
25, 26). In fact, the results of the present immunocyto-
chemical study showed that many GHRH-containing
neurons in the Arc of control rats coexpressed GHS-R.
As expected from the finding that the majority of the
GHRH neurons in the Arc also express TH (9, 19, 20),
double-staining immunocytochemistry showed that
only a few GHRH neurons in the Arc had GHS-R–like
immunoreactivity in Tg rats. Therefore, the reduced
GH response to KP-102 in Tg rats is probably due to
the reduction of GHS-R in GHRH neurons in the Arc.

In our study, pulsatile GH secretion was preserved in
male Tg rats, while GH secretion and plasma IGF-I lev-
els were reduced in female Tg rats. Normal male rats
show a regular and pronounced episodic pattern of GH
secretion with extremely low basal secretion that is reg-
ulated by the cyclic rhythms of GHRH and somato-
statin release (27). On the other hand, since normal
female rats show a more continuous and irregular pat-
tern of GH secretion with higher baseline levels than
those of normal male rats, it appears that somatostatin
output is noncyclical and rather low, and that GHRH
plays a dominant role in GH secretion in female rats
(27). Since somatostatin neurons do not contain TH
(28), they should be unaffected in our Tg rats. Further-
more, the absence of GHS actions on somatostatin
tone has been suggested (29). Therefore, the divergence
of GH secretion between male and female Tg rats may
be explained by the reduction of GHS-R in GHRH neu-
rons in the Arc. It seems that in female rats, an endoge-
nous ligand such as ghrelin plays a more important
role in the regulation of GH secretion by stimulating
GHRH neurons through GHS-R. The possibility that
deletion of GHS-R in GHRH-containing neurons
reduces GH secretion remains to be tested.

Recently, it has been reported that ghrelin and GHSs
stimulate food intake in freely feeding rats (6–8, 30).
However, the mechanism by which ghrelin/GHS pro-
motes food intake is not fully understood. Our previous
observations suggest that KP-102 and GHRH stimulate
food intake via different mechanisms, and that GHRH
neurons in the Arc are probably not involved in the KP-
102–induced stimulation of food intake (2). NPY-con-
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Figure 9 
Plasma IGF-I concentrations in Tg rats. Data are presented as mean
± SEM of six rats. *P < 0.05 versus control rats.

Figure 10
Effect of KP-102 (1 µg/kg) on GH secretion in Tg rats. The data are
expressed as the mean ± SEM of five rats.



taining neurons participate in the stimulatory mecha-
nism for food intake (31, 32). Therefore, it is assumed
that NPY is involved in the stimulatory effect of ghre-
lin/GHS on feeding, because half of the neurons express-
ing c-fos mRNA after GHS injection contain NPY (25).
On the other hand, a significant increase in food intake
in response to ghrelin is found in NPY-deficient mice,
indicating that the presence of NPY is not obligatory for
stimulation of food intake (8). In NPY-deficient mice,
agouti-related protein (AgRP), which also stimulates
feeding, may play an important role in food intake in
place of NPY, since central administration of ghrelin
increases AgRP mRNA (33). In the Tg rats described here,
the stimulatory effect of KP-102 on feeding behavior was
abolished. GHS-R–like immunoreactivity on NPY neu-
rons was preserved in the Arc of Tg rats, which agrees
with the report that most of the NPY neurons in the Arc
do not contain TH (34). Therefore, KP-102 acts on
unknown but TH-positive neurons possessing GHS-R,
and these neurons may be responsible for the feeding
effect of ghrelin/GHS. This possibility is supported by
findings that GHS induces c-fos expression in cells other
than GHRH or NPY neurons (25, 35). It is possible that
KP-102 stimulates NPY neurons indirectly. In fact, at the
electron microscopic level, direct appositions between
TH- and NPY-immunoreactive structures have been
observed in the Arc, suggesting direct interactions
between these two systems (36).

Ghrelin/GHS induces a state of positive energy bal-
ance and body weight gain by promoting food intake
and reducing fat utilization (8, 30). Tg rats showed sig-
nificantly reduced daily food intake compared with
age-matched control rats. They also had significantly
lower body weight and body weight/nose-tail ratios,
and less adipose tissue than control rats had. These
findings could be the consequence of a defect in the
hypothalamic action of endogenous ghrelin, which
causes body weight gain by increasing food intake and
decreasing fat utilization (8). How ghrelin/GHS regu-
lates energy balance is still unknown. GH is well-known
to have metabolic actions and to be involved in lipid
metabolism (37). However, it appears unlikely that the
induction of a positive energy balance by ghrelin/GHS
is caused by its ability to stimulate GH secretion,
because ghrelin-induced adiposity is not mimicked by

GH (8). ICV administration of ghrelin suppressed
serum concentrations of thyroid-stimulating hormone
in rats (7). Considering that thyroid hormone increas-
es total energy expenditure, it is possible that ghre-
lin/GHS regulates energy balance partly by suppress-
ing thyroid-stimulating hormone. Further study is
needed to clarify this issue.

The plasma levels of ghrelin were not significantly
increased in Tg rats. The reduced GHS-R expression in
the Arc did not seem to induce a compensatory secre-
tion of ghrelin. The absence of a significant change in
plasma prolactin levels in Tg rats is consistent with the
intactness of TH-containing neurons in the Arc.

In summary, we have generated Tg rats in which the
expression of GHS-R protein was selectively attenuat-
ed in the Arc. Our data suggest that the endogenous
ghrelin/GHS-R system in the Arc regulates GH secre-
tion, food intake, and adiposity. The Tg rat described
here could be a useful animal model for investigating
the physiological function of the ghrelin/GHS-R sys-
tem in the hypothalamus.
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