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Growth hormone secretagogues (GHSs) increase the
activity of hypothalamic arcuate nucleus neurons
thought to be involved in controlling the release of
growth hormone (GH). The GHS receptor is also found
in hypothalamic regions not associated with the
release of GH, suggesting that GHSs may influence
other hypothalamic systems. This study utilized
double-labeling immunocytochemical techniques to
examine the hypothalamic actions of a novel non-
peptide GHS, GHS-25. In common with other GHSs,
GHS-25 induced significant amounts of Fos immunore-
activity in the arcuate nucleus of conscious male rats.
However, unlike other GHSs, GHS-25 also induced
Fos immunoreactivity in the supraoptic nucleus.
Double labeling revealed that approx 66 % of supraop-
tic nucleus cells that were Fos positive after the admin-
istration of GHS-25 were also immunoreactive for
oxytocin. Thus, in addition to its actions on the GH
axis, GHS-25 may influence the release of neurohypo-
physeal hormone.
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Introduction

Growth hormone (GH) release can be elicited directly
from the anterior pituitary gland by growth hormone secre-
tagogues (GHSs), such as GHRP-6 and MK-0677 (1,2). In
addition to inducing GH release directly from the pituitary,
GHSs act centrally to increase Fos protein expression in the
hypothalamic arcuate nucleus and induce a prolonged in-
crease in the electrical activity of neurosecretory arcuate
nucleus neurons (3,4). Within the arcuate nucleus, the main
populations of GHS-responsive cells are thought to include
both GH-releasing hormone (GHRH) and neuropeptide Y
(NPY) cells (5). Indeed, GHS mRNA has recently been
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localized to GHRH and NPY arcuate nucleus neurons (6,7).
However, GHS receptor mRNA is also found in several
other hypothalamic nuclei (e.g., the supraoptic nucleus
[SON] and suprachiasmatic nucleus [SCN]), and in other
discrete regions of the brain, including the CA2 and CA3
regions of the hippocampus, the dentate gyrus, and sub-
stantia nigra (8). This had led to speculation that the GHS
receptor (GHS-R), and therefore its endogenous ligand,
may play a role in processes that are not generally associ-
ated with the control of GH release.

The cloning of the GHS-R has provided a context in
which agonist/receptor interactions can be investigated sys-
tematically. This has revealed that several structurally
diverse compounds are capable of binding to the receptor
and that different classes of GHSs can bind to different
regions of the ligand-binding pocket of the receptor (9).
This, in turn, has led to the generation of several novel
GHSs that may activate intracellular pathways different
from those by conventional GHSs, possibly leading to a
broader range of physiologic actions.

Recent studies have demonstrated that some GHSs are
capable of eliciting the release of vasopressin from hypo-
thalamic explants (/0), and vasopressin release is thought
to, at least partially, underlie the hypothalamo-pituitary-
adrenal axis activation induced by GHSs (/7). Cell bodies
of vasopressin neurons are located in the SON, SCN, and
paraventricular nucleus (PVN) of the hypothalamus (/2),
and all these nuclei express GHS-R mRNA (8). However,
previous studies have shown that GH-releasing peptide-6
(GHRP-6) and MK-0677 do not elicit Fos immunoreactivity
within these regions (3,4). As within the hypothalamic-
neurohypophyseal system, the use of Fos immunocyto-
chemistry as a marker of neuronal activity is considered a
reliable and intensity-dependent stimulus (/3); it appears
that GHRP-6 and MK-0677 do not activate cells in the SON
or PVN. However, because novel GHSs may interact with
the GHS-R in a different manner from GHRP-6 or MK-
0677, the apparent disparities between these studies may
reflect activation of different regions of the GHS-R.

Therefore, in the present study, we employed the immu-
nocytochemical detection of Fos protein in the rat to com-
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Fig. 1. Histogram showing the mean number of Fos-positive cells
in (A) the arcuate nuclei and (B) the supraoptic nuclei of rats after
iv injection of saline (0.2 mL; n = 7), GHRP-6 (50 pg; n = 6),
GHS-25 (50 pg; n = 8), GHRH (2 ng)/GHS-25 (50 pg; n = 6).
*p <0.05 compared with saline-treated animals; p <0.05 com-
pared with GHS-25-treated animals.

pare the hypothalamic actions of GHRP-6 and a novel
nonpeptidyl GHS, GHS-25. Additionally, we used double-
labeling immunocytochemistry to identify the biochemical
phenotype of hypothalamic cells activated by administra-
tion of these GHSs.

Results
Immunocytochemical Detection of Fos Protein

Systemic injection of GHRP-6 resulted in a significant
increase in arcuate nucleus Fos immunoreactivity in all
animals compared with saline-treated controls (Fig. 1).
Intravenous injection of GHS-25 also resulted in signifi-
cant increases in arcuate nucleus Fos protein expression
(46.4 ( 3.5 Fos-positive nuclei per section; p <0.05 com-
pared with saline-treated controls). Prior injection of
GHRH significantly reduced the amount of GHS-induced
Fos immunoreactivity in the arcuate nucleus to 15.9 3.0
Fos-positive nuclei per section (p <0.05; Fig. 1).

The amount of Fos immunoreactivity in the SON of
animals injected with GHRP-6 was not significantly differ-
ent from that of saline-treated animals (2.9 + 1.7 and 4.7 £
1.5 Fos-positive nuclei per section, respectively). Follow-
ing injection of GHS-25, there was a significant increase in
the number of Fos-positive cells in the SON of all rats com-
pared with GHRP-6-treated animals (19.2 +2.4 Fos-positive
nuclei per section; p <0.05) (Fig. 1). Although distributed
throughout the rostrocaudal extent of the SON, Fos immu-
noreactivity was generally found within the dorsal regions
of the nucleus (Fig. 2). Given alone GHRH did not induce
any appreciable amount of Fos immunoreactivity in the SON,
but injection of GHRH prior to GHS-25 significantly re-
duced the amount of SON Fos immunoreactivity to 3.8 £3.2
Fos-positive nuclei per section (p <0.05, Fig. 1). GHS-25 did
not induce appreciable levels of Fos protein expression
within either the magnocellular or parvocellular regions of
the PVN or elsewhere in the hypothalamus.

Immunocytochemical Double Labeling for Fos
and Vasopressin or Oxytocin

In five rats, there were no significant differences in the
total amount of Fos immunoreactivity in the SON of sec-
tions that had undergone double labeling for oxytocin (21.5
+ 1.9 Fos-positive nuclei per section) or vasopressin (18.4
+0.7 Fos-positive nuclei per section). Furthermore, neither
of these values was significantly different from the amount
of Fos protein present in the SON of animals that were only
processed for the immunocytochemical detection of Fos.
Double labeling revealed that 2.7 & 0.3 cells/section were
immunoreactive for both Fos and vasopressin, whereas sig-
nificantly more cells (14.2 £ 1.5 cells/section; p <0.05)
were immunoreactive for both Fos and oxytocin (Fig. 2).
Thus, approx 66% of all Fos-positive cells in the SON of
animals injected with GHS-25 also contained oxytocin and
approx 15% contained vasopressin. An additional 19% of
Fos-positive cells could not be conclusively identified as
immunoreactive for either oxytocin or vasopressin.

Discussion

Although previous studies have indicated that GHSs can
alter the release of neurohypophyseal hormones in vitro
(10), this is the first study to show that GHSs can act on the
SON in vivo. Mapping studies have demonstrated the ex-
istence of GHS-R mRNA within the SON (8), although this
and previous studies failed to show any induction of Fos
protein in the SON following central or systemic adminis-
tration of MK-0677 or GHRP-6 (3,4). This is consistent
with the observations that some nonpeptide GHSs bind to
adifferent receptor domain than MK-0677 and GHRP-6(9)
and that binding in this region of the receptor induces the c-
fos gene. Although relatively high levels of GHS-R mRNA
have been observed throughout the central nervous system
(14), we did not observe induction of Fos protein in any
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Fig. 2. Photomicrographs of the supraoptic nuclei of male rats showing the distribution of Fos protein immunoreactivity after iv injection
of (A) GHRP-6 (50 ug), (B) GHS-25 (50 pg), and (C) GHRH (2 ng)/GHS-25 (50 ng). Scale bar = 0.2 mm. (D) Photomicrograph of the
SON showing immunocytochemical double labeling for Fos and oxytocin. The white arrow points to a cell thatis cytoplasmically labeled
for oxytocin alone and the black arrow points to a cell that is double labeled, i.e., cytoplasmically labeled for oxytocin and nuclearly

labeled for Fos. Scale bar = 100 um. OC, optic chiasm.

region of the forebrain of GHS-25-injected rats, apart from
the arcuate nucleus and SON. This observation does not
preclude activation of neurons in regions expressing GHS-R
mRNA because neuronal activation in these regions may not
involve the induction of the c-fos gene. Administration of
GHS-25 consistently induced Fos protein expression largely
in the dorsal region of this nucleus, which is generally
considered to contain the highest concentration of oxyto-
cin neurons (/5). Double labeling confirmed that the
majority of Fos-positive cells (approx 66%) also con-
tained oxytocin. Clearly, Fos immunoreactivity was not
induced in all SON cells, or all SON oxytocin cells, and
the amount of induction (approx 20 cells/section) approxi-
mates that seen after a single systemic injection of
choleocystokinin (76).

In various species, it has been reported that GHSs do not
influence plasma levels of neurohypophyseal hormones
(17,18). However, in hypothalamic explants and in humans,
GHSs have been shown to increase vasopressin release
(10,19), indicating interactions between GHS and neuro-
hypophyseal hormones. There are no reports of GHSs
affecting plasma oxytocin levels, although this may depend
on the structure of the GHSs in question. Induction of Fos
protein in SON oxytocin cells does not necessarily corre-
late with increased oxytocin release (20), and direct meas-
urements of plasma oxytocin concentrations are needed to
confirm the stimulatory effects of GHS-25.

The presence of GHS-R mRNA in the SON and activation
of SON neurons by GHS-25 imply that the endogenous
ligand may play arole in neurohypophyseal hormone release,
although the physiologic significance of such a role is
unclear. Neurohypophyseal hormones can alter GH release
as indicated by decreased GH levels following immuno-
neutralization of oxytocin or vasopressin , and oxytocin has
dose-dependent effects on plasma GH levels in vivo (22).
Therefore, within the SON, the endogenous ligand to the
GHS-R may be indirectly involved in regulating GH release.

In the arcuate nucleus, GHS-25-induced Fos protein
expression was attenuated by prior administration of GHRH,
as previously reported for other GHSs (23). Similarly, the
administration of GHRH alsoreduced GHS-25-induced acti-
vation of the SON. Because GHRH is not an antagonist of the
GHS-R, the reduction in SON Fos expression probably
reflects a secondary action of GH release. This could include
an inhibitory action following direct activation of GH recep-
tors, which are present in the SON (24), or a more indirect
feedback pathway. GHS-induced activation of the arcuate
nucleus can be attenuated by prior administration of a soma-
tostatin analog (25), and in mice, the negative feedback
effects of GH are thought to be mediated by somatostatin
receptor subtype 2 (26). Thus, although a direct effect of GH
within the SON cannot be excluded, the inhibitory actions of
GHRH in the SON are more likely to be mediated by an
increase in hypothalamic somatostatinergic tone.
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In summary, GHS-25, in common with other GHSs,
exerts actions within the arcuate nucleus indicative of the
GHS-R’s involvement in the regulation of GH release.
Additionally, GHS-25 activates oxytocin cells in the SON,
suggesting that the GHS-R may also play a role in control-
ling neurohypophyseal hormone release.

Materials and Methods

Animals and Drugs

Adult male Sprague-Dawley rats (250-300 g) were
maintained in a controlled environment (14-h light, 10-h
dark cycle; 21-22°C) with water and food available ad
libitum. GHS-25 was obtained from Merck. GHP-6 was
obtained from Peninsula and GHH from Bachem. All
drugs were dissolved in 0.2 mL of isotonic saline before
administration.

Immunocytochemical Detection of Fos Protein

Rats were briefly anesthetized with halothane (5% hal-
othane in an O,/NO, mixture) and a polythene cannula was
secured in the right jugular vein for iv drug administration.
After 24 h of recovery, the rats were injected with saline
(0.2 mL), GHP-6 (50 pg), or GHS-25 (50 ng). In an addi-
tional study to examine the effects of endogenous GH on
the induction of Fos in the hypothalamus, a number of ani-
mals were injected intravenously with GHH (2 pg) 10 min
prior to iv injection of GHS-25 (50 pg).

Ninety minutes after injection, rats were terminally anes-
thetized with sodium pentobarbitone (60 mg/kg intrave-
nously) and perfused transcardially with heparinized saline
followed by 4% paraformaldehyde (in 0.1 M phosphate
buffer [PB]). Whole brains were then removed and placed
in 30% sucrose (in 4% paraformaldehyde) for 24 h before
being frozen on dry ice and stored at —80°C until process-
ing. Coronal sections (every second section; 50 um thick-
ness) were cut on a freezing microtome and placed in 0.1 M
PB containing Triton X-100 ([PB-T], pH 7.4). Endogenous
peroxidases were deactivated in a solution of PB-T con-
taining 20% methanol and 0.3% H,0, for 15 min. Sections
were incubated for 36 h at 4°C in Ab-2 Fos antibody (rabbit
polyclonal, 1:1000 in 1% normal sheep serum; Oncogene
Science). The antibody-antigen complex was localized with
a 1-hincubation in biotinylated antirabbit immunoglobulin
(1:1000) (Vector), followed by a 1-h incubation in avidin-
biotinylated horseradish peroxidase (1:50) (Vector). The
reaction product was visualized using a glucose oxidase-
DAB-nickel method producing a purple-black stain
restricted to the nucleus.

Immunocytochemical Double Labeling for Fos
and Vasopressin or Oxytocin

To identify the biochemical phenotype of neurons dis-
playing Fos immunoreactivity following the administra-
tion of GHSs, anumber of animals were surgically prepared
as already described and after 24 h of recovery injected

with GHS-25 (50 pg intravenously). After 90 min, rats
were terminally anesthetized with sodium pentobarbitone
(60 mg/kg intravenously) and brains were processed for
the immunocytochemical detection of Fos protein as
already described.

Hypothalamic sections were then divided into thee
groups, two of which underwent labeling for either oxyto-
cin or vasopressin. Briefly, sections were washed in 0.1 M
PB and incubated at 4(C in primary antibody of either oxy-
tocin or vasopressin (both 1:2000 in 1% normal sheep
serum). The following day, sections were rinsed in 0.1 M
PB and the antibody-antigen complex was localized with a
1-h incubation in biotinylated antirabbit immunoglobulin
(1:100) (Vector), followed by a 1-h incubation in avidin-
biotinylated horseradish peroxidase (1:50) (Vector). Visu-
alization was achieved using a DAB-peroxide method
producing a brown-red stain restricted to the cytoplasm.

For each rat, the number of Fos-positive cells in the
respective hypothalamic nuclei (6-10 sections/rat) was
counted bilaterally and a mean calculated for each experi-
mental group (mean = SEM nuclei/section). For the double-
labeling immunocytochemistry, the number of SON Fos-
positive cells that also contained cytoplasmic staining for
oxytocin or vasopressin was counted for each section (six
to seven sections perrat). Statistical analysis was performed
by a one-way analysis of variance followed by a student-
Newman-Keuls post-hoc test with significance taken as
p <0.05. All data are expressed as mean = SEM.
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