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The hypothalamic circuits controlling food intake and
body weight receive and integrate information from
circulating satiety signals such as leptin and insulin and
also from ghrelin, the only known circulating hormone
that stimulates appetite following systemic injection.
Activation of arcuate neurons by ghrelin and ghrelin
mimetics (the growth hormone secretagogues) is augmented in 48-h–fasted rats compared with fed rats, as
reflected by a greater number of cells expressing Fos
protein in response to administration of the same maximally effective dose. Here we sought to determine
whether this increased responsiveness in fasting might
reflect or be influenced by low levels of circulating
satiety factors such as leptin or insulin. Chronic central
infusion of insulin or leptin during a 48-h fast suppressed the threefold increase in the Fos response to
intravenous injection of a maximally effective dose of
growth hormone–releasing peptide (GHRP)-6, a synthetic growth hormone secretagogue. This appears to be
a direct central action of insulin and leptin because the
marked decrease in plasma levels of insulin, leptin, and
glucose during fasting were unaffected by central administration of either hormone. Furthermore, the
GHRP-6 –induced Fos response was twofold greater in
obese leptin- and insulin-resistant Zucker rats compared with lean controls. These data provide evidence
that the ghrelin-sensitive circuits in the hypothalamus
are dynamically regulated by central insulin and leptin
action. Diabetes 51:3412–3419, 2002

F

ollowing the discovery of ghrelin (1), an endogenous ligand for the growth hormone secretagogue (GHS) receptor (GHS-R) (2), accumulating
data has suggested that this gut-derived peptide
participates in the central regulation of food intake and
body composition. Thus, administration of either ghrelin
or synthetic ghrelin mimetics (e.g., the GHS and growth
hormone–releasing protein [GHRP]-6) acutely stimulates
food intake in satiated rats and following chronic administration induces adiposity in rodents (3–7). More recently,
a marked preprandial increase in plasma ghrelin levels in
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humans has been reported, suggesting a physiological role
in meal initiation (8). The stimulatory action of ghrelin on
food intake appears to be mediated via the orexigenic
neuropeptide Y (NPY)/agouti-related peptide (AgRP) pathway, since blockade of NPY receptors or immunoneutralization of AgRP attenuates ghrelin-induced feeding (9 –11).
Consistent with this, the majority of NPY neurons in the
arcuate nucleus express the GHS-R (12), and ⬃50% of cells
activated (that express c-fos mRNA) following GHS administration contain NPY mRNA (13). In addition, both
NPY and AgRP mRNA expression in the arcuate nucleus
are increased following ghrelin administration to fed rats
(9 –11,14).
Previously we showed that a dose of GHRP-6/ghrelin
that was maximally effective for the induction of Fos
protein in fed rats induced a two- to threefold greater
response in the arcuate nucleus of 48 h-fasted rats (15,16).
One possible explanation for this is that ghrelin’s hypothalamic actions are unopposed in the absence of circulating
satiety signals such as leptin and insulin. Both hormones
have an established role as “adiposity” signals that regulate long-term body weight homeostasis through actions
on the central nervous system, particularly the hypothalamic arcuate nucleus (17). Messenger RNA for both
insulin and leptin receptors is highly expressed in the
arcuate nucleus (18,19), and central administration of
either insulin or leptin reduces both food intake and body
weight (20,21). Critical roles for leptin and insulin in
maintaining body weight homeostasis are clearly demonstrated in genetic models of hyperphagia and obesity,
resulting from leptin deficiency (ob/ob mice; 22), leptin
receptor mutations (db/db mice and fa/fa Zucker rats;
23,24) and neuronal insulin receptor knockouts (NIRKO
mice; 25). Furthermore, the increased expression of arcuate nucleus NPY mRNA in conditions of hypoinsulinemia/
hypoleptinemia (e.g., fasting, insulin-deficient diabetes,
and ob/ob mice) can be reversed by appropriate replacement of insulin or leptin but not in insulin/leptin-resistant
states (e.g., obese fa/fa Zucker rats and db/db mice),
suggesting an inhibitory action of insulin and leptin on
arcuate neuron NPY gene expression (26 –30). Moreover,
electrophysiological recordings demonstrated a direct inhibitory action of both insulin and leptin on a subpopulation of arcuate nucleus neurons in lean but not obese
Zucker rats (31,32). In our own electrophysiological studies we have shown that GHS-responsive cells in the
arcuate nucleus are predominantly inhibited by leptin,
consistent with an inhibitory role of leptin on GHSresponsive circuits (33). Therefore, we examined the
possibility that the increased responsiveness of arcuate
nucleus neurons to GHS administration in fasted rats may
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be due to reduced central activity of insulin and/or leptin,
as both are decreased by fasting. In addition, we compared
the central response to GHRP-6 in fed and fasted lean
(⫹/?) and obese (fa/fa) Zucker rats to determine whether
reduced leptin/insulin signaling alters the hypothalamic
response to GHS.
RESEARCH DESIGN AND METHODS
Animals. Male Wistar rats were obtained from Charles River (Kent, U.K.) and
used at age 10 –12 weeks (250 –350 g). Male obese (fa/fa; 482 ⫾ 9 g) and lean
(⫹/?; 373 ⫾ 8 g) Zucker rats were obtained from Charles River (Chatillon Sur
Chalaronne, St. Germaine Sur L’Arbresle, France) and used at 18 weeks of age.
The genotype of lean littermates can be either ⫹/⫹ or ⫹/fa; in this study lean
control Zucker rats are therefore referred to as ⫹/?. All animals were allowed
to acclimatize for at least 1 week after arrival at the animal unit in a
temperature-controlled environment (21–22°C) on a 12-h light/dark cycle
(lights on 0700 –1900) before undergoing any procedures. Unless otherwise
stated, all animals had free access to pelleted rat diet (RM-1; Special Diet
Services, Essex, U.K.) and water throughout the study. All experiments were
performed in accordance with the 1986 U.K. Animals (Scientific Procedures)
Act.
Central insulin or leptin infusion during fasting. The effect of central
infusion of leptin and insulin on GHS responsiveness during fasting was
carried out as two separate studies each with its own control groups; here we
describe these experiments together, however, as the procedure was identical
for both. Wistar rats were anesthetized with tribromoethanol/amyl hydrate
(Avertin, 1 ml/100 g i.p.) for placement of a jugular vein catheter as previously
described (15). Rats were then placed in a stereotaxic frame for insertion of
an intracerebroventricular (ICV) cannula (Alzet Brain Infusion Kit II, Charles
River). The coordinates used for lateral ventricle cannulation were as follows:
0.6 mm posterior, 1.6 mm lateral to bregma, and 4.5 mm below the skull
surface with the skull level between bregma and lambda (34). An osmotic
minipump (Alzet Model 2001, flow rate 1 l/h for 7 days; Charles River) was
implanted subcutaneously in the flank and connected to the ICV cannula with
a short length of polypropylene tubing. The ICV cannula was secured in
position by dental cement attached to three stainless steel screws placed into
the skull. The pump and tubing had previously been filled with either saline
vehicle, human recombinant insulin (83.3 mU/ml, Actrapid; Novo Nordisk,
Copenhagen, Denmark) or murine recombinant leptin (50 g/ml; PeproTech,
London, U.K.). This resulted in delivery rates of 2 mU/24 h and 1.2 g/24 h for
insulin and leptin, respectively. Before implantation, the pumps were placed
overnight in sterile saline at 37°C to initiate pumping.
On the fourth day following surgery, food was removed from rats in the
fasted groups for the last 48 h of the infusion period. Rats in the fed group
were allowed free access to food throughout. After 6 days of ICV saline,
insulin, or leptin infusion, rats were injected intravenously with either GHRP-6
(50 g/rat; Bachem, St. Helens, U.K.) or isotonic saline. Then, 90 min later rats
were terminally anesthetized with sodium pentobarbitone (60 mg/kg i.v.;
Sagatal, Rhône Mérieux, Essex, U.K.) and a blood sample was collected into
chilled lithium-heparin– coated microcentrifuge tubes (Sarstedt, Leicestershire, U.K.) by cutting the right atrium of the heart. Note that due to sampling
problems it was not possible to obtain blood samples from all rats. Rats were
then perfused via the aorta with heparinized saline followed by 4% paraformaldehyde in 0.1 mol/l phosphate buffer (pH 7.4). Brains were removed and
left overnight in 15% sucrose in 4% paraformaldehyde, a second overnight in
30% sucrose in phosphate buffer, and then frozen on dry ice and stored at
– 80°C until processed for Fos immunohistochemistry.
GHRP-6 administration to fed and fasted Zucker rats. Lean (⫹/?) and
obese (fa/fa) Zucker rats were anesthetized with tribromoethanol/amyl hydrate (Avertin, 1 ml/100 g i.p.) for placement of a jugular vein catheter as
previously described (15). After 3 days of recovery, food was removed from
rats in the fasted groups for 48 h, while those in the fed groups had food
available throughout. Fed and fasted Zucker rats were injected intravenously
with GHRP-6 (0.4 mg/kg) or saline. Ninety minutes later rats were terminally
anesthetized for collection of a blood sample and perfusion as described
above.
Immunohistochemical detection of Fos protein. Coronal sections (40 m)
were cut on a sliding microtome through the arcuate nucleus, and every third
section was collected into phosphate buffer. Endogenous peroxidases were
deactivated in phosphate buffer containing 20% methanol, 0.2% Triton X-100,
and 1.5% hydrogen peroxide for 15 min. Sections were incubated with a rabbit
polyclonal anti-Fos antibody (Ab-5, PC-38 Calbiochem; CN Biosciences,
Nottingham, U.K.) (1:100,000 diluted in 1% normal sheep serum/0.3% Triton
X-100/0.25% BSA/0.1 mol/l phosphate buffer) for 48 h at 4°C. Bound antibody
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was localized with a 2-h incubation in peroxidase-labeled goat anti-rabbit IgG
(Vector Laboratories, Peterborough, U.K.) (1:200 dilution) and visualized
using a nickel-intensified diaminobenzidine reaction (35). Briefly, sections
were washed in sodium acetate buffer (0.1 mol/l, pH 6.0) and incubated in the
same buffer containing 2.5% nickel sulfate, 0.2% glucose, 0.04% ammonium
chloride, 0.025% diaminobenzidine, and ⬃30 units/ml glucose oxidase (Type
VII-S; Sigma, Poole, U.K.). The reaction was observed under a microscope and
terminated by washing in 0.1 mol/l acetate buffer.
Measurement of plasma insulin, leptin, and glucose concentrations.
Blood was obtained just before perfusion of the animal by cutting the right
atrium of the heart and collecting it into chilled lithium-heparin– coated
microcentrifuge tubes. Plasma was separated by centrifugation, aliquoted, and
stored at – 80°C until required for assay. Glucose was measured using
INFINITY glucose reagent (Sigma, St Louis, MO), and insulin and leptin were
assayed using commercially available enzyme-linked immunosorbent assay
kits (Crystal Chem, Chicago, IL). All samples from within one study were
assayed at the same time.
Statistical analysis. For each rat, the number of Fos-positive nuclei per
section was counted bilaterally throughout the arcuate nucleus of the hypothalamus (12 sections per brain) and the mean calculated for each experimental group (expressed as mean ⫾ SE nuclei/section). The Kruskal-Wallis
test (a nonparametric ANOVA) was used to determine overall differences
between more than two experimental groups. Comparisons between individual group means were determined using the nonparametric Mann-Whitney U
test, with P ⬍ 0.05 accepted as a statistically significant difference. Differences
between plasma insulin, leptin, and glucose levels in fed and fasted animals
were compared by one-way ANOVA followed by Newman-Keuls posthoc test.

RESULTS

Effect of chronic central infusion of insulin or leptin
on arcuate nucleus Fos response to GHRP-6 in fasted
rats. In agreement with previous data (15,16), 48-h fasted
rats showed a threefold increase in the number of cells
detected that expressed Fos protein after GHRP-6 administration compared with ad libitum–fed controls (Fig. 1A,
B). These data were obtained from rats infused centrally
with saline for 6 days (and fasted for the last 48 h as
appropriate), indicating that the infusion protocol did not
interfere with central GHS-responsiveness. In two separate studies, the Fos response to GHRP-6 in fasted rats
infused centrally with saline (100 ⫾ 12 and 98 ⫾ 12
cells/section) was significantly greater than that in fed
controls (30 ⫾ 3 and 35 ⫾ 6 cells/section, P ⫽ 0.004 and
0.001, respectively; Fig. 2A and B). Importantly, both
central insulin infusion (Figs. 1C and 2A) and central
leptin infusion (Fig. 2B) to fasted rats significantly suppressed this potentiated Fos response to GHRP-6. While
central insulin infusion during fasting significantly reduced
the GHRP-6 –induced Fos response from 100 ⫾ 12 to 55 ⫾
6 cells/section (P ⫽ 0.01), this was still significantly greater
than that in fed controls (P ⫽ 0.01; Fig. 2A). However,
infusion of leptin during fasting significantly reduced the
Fos response to GHRP-6 from 98 ⫾ 12 to 30 ⫾ 5 cells/
section (P ⫽ 0.001), and this was not different from the
response seen in fed controls (Fig. 2B).
It is important to note that arcuate nucleus Fos expression was less than or equal to four cells per section in
fasted animals infused centrally with either insulin or
leptin and injected intravenously with saline (Fig. 2A and
B), indicating that neither fasting nor central infusion for 6
days leads to induction of Fos protein. In agreement with
previous reports (15,16), the arcuate nucleus was the only
hypothalamic area to express Fos protein in response to
GHRP-6 in both fed and fasted rats.
Effect of chronic central infusion of insulin or leptin
on plasma insulin, leptin, and glucose concentrations. Based on data from two separate studies, a signif3413
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FIG. 2. Mean ⴞ SE number of Fos-positive cells in the arcuate nucleus
of Wistar rats injected intravenously with saline or GHRP-6 after
central infusion of saline and insulin (2 mU/day) (A) or leptin (1.2
g/day) (B) for 6 days and allowed free access to food throughout
(FED) or fasted for the last 48 h of the infusion period (FASTED).
*P ⴝ 0.01, **P ⴝ 0.004, and ***P ⴝ 0.001, Mann-Whitney U test.
Numbers within or above columns indicate the number of animals in
each group.

FIG. 1. Photomicrographs showing GHRP-6 –induced Fos protein immunoreactivity in the arcuate nucleus of Wistar rats fed ad libitum and
infused centrally with saline for 6 days (A), fasted for the last 48 h of
ICV saline infusion (B), and fasted for the last 48 h of ICV insulin
infusion (C). 3V, 3rd ventricle.

icant reduction in plasma insulin, leptin, and glucose was
found in ICV saline-infused rats following a 48-h fast
compared with ad libitum–fed controls. Furthermore, this
reduction was unaffected by central infusion of either
insulin or leptin (Fig. 3A– F).
Plasma insulin levels in 48-h–fasted rats infused cen3414

trally with either saline or insulin (0.4 ⫾ 0.1 and 0.3 ⫾ 0.05
ng/ml, respectively) were significantly lower than ICV
saline-infused fed controls (2.5 ⫾ 0.2 ng/ml, P ⬍ 0.01; Fig.
3A). Similarly, a 90% reduction in circulating leptin levels
was observed in fasted rats infused with saline or insulin
(0.2 ⫾ 0.1 and 0.35 ⫾ 0.1 ng/ml, respectively) compared
with fed controls (2.4 ⫾ 0.5 ng/ml, P ⬍ 0.01; Fig. 3B), and
plasma glucose levels were reduced by 43% (fasted/ICV
saline: 84 ⫾ 8; fasted/ICV insulin: 73 ⫾ 6 mg/dl) compared
with fed rats (147 ⫾ 22 mg/dl, P ⬍ 0.01; Fig. 3C).
Similarly, plasma insulin levels were significantly lower
in saline- or leptin-infused fasted rats (0.8 ⫾ 0.1 and 0.6 ⫾
0.1 ng/ml, respectively) compared with fed controls (1.8 ⫾
0.3 ng/ml, P ⬍ 0.05; Fig. 3D)—plasma leptin levels were
84% lower in fasted rats (fed/ICV saline: 0.9 ⫾ 0.2; fasted/
ICV saline: 0.14 ⫾ 0.02; fasted/ICV leptin: 0.13 ⫾ 0.02
ng/ml, P ⬍ 0.05; Fig. 3E), and there was a 47% decrease in
plasma glucose levels (fed/ICV saline: 241 ⫾ 19; fasted/ICV
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FIG. 3. Mean ⴞ SE plasma insulin, leptin, and glucose concentrations in male Wistar rats infused centrally for 6 days with
saline, insulin (A–C), or leptin (D–F) and fasted for the last
48 h of the infusion (FASTED) or allowed free access to food
throughout (FED). *P < 0.05 and **P < 0.01 vs. fed rats,
ANOVA followed by Newman-Keuls posthoc test. Number of
samples assayed for data in A–C and D–F is shown within the
columns in C and F, respectively.

saline: 128 ⫾ 12; fasted/ICV leptin: 111 ⫾ 16 mg/dl, P ⬍
0.05; Fig. 3F).
GHRP-6 –induced Fos response in fed and fasted
Zucker rats. Very few Fos-positive cells were seen in the
arcuate nucleus of Zucker rats after the administration of
saline (lean/fed: 3 ⫾ 1 cells/section, n ⫽ 3; lean/fasted: 6 ⫾
3, n ⫽ 3; obese/fed: 3.6, n ⫽ 2; obese/fasted: 8 ⫾ 5, n ⫽ 3).
In agreement with the response seen in fed Wistar rats
(15,16), administration of GHRP-6 to ad libitum–fed lean
(⫹/?) Zucker rats resulted in the activation of 45 ⫾ 8
cells/section in the arcuate nucleus (Fig. 4). A significant
increase in the Fos response to GHRP-6 was seen in lean
(⫹/?) Zucker rats after a 48-h fast (110 ⫾ 20 cells/section,
P ⫽ 0.02; Fig. 4). Interestingly, the Fos response to GHRP-6
in normally fed obese (fa/fa) Zucker rats (83 ⫾ 15 cells/
section) was almost twice that seen in fed lean (⫹/?)
Zucker rats (P ⫽ 0.03) and was not significantly different
to the response seen in fasted lean (⫹/?) Zucker rats (P ⫽
0.2; Fig. 4). Furthermore, in obese (fa/fa) Zucker rats
fasting did not further increase the Fos response to
GHRP-6 (83 ⫾ 9 cells/section; Fig. 4).
Plasma insulin, leptin, and glucose concentrations in
Zucker rats. Obese Zucker rats displayed hyperinsulinemia and hyperleptinemia, whereas plasma glucose levels
were similar in both lean and obese Zucker rats (Fig. 5A–
C). Plasma insulin levels in ad libitum–fed Zucker rats
were significantly lower in lean (5.7 ⫾ 0.8 ng/ml) compared with obese rats (8.1 ⫾ 0.5 ng/ml, P ⬍ 0.05) and fell
significantly in both lean (1.2 ⫾ 0.3 ng/ml, P ⬍ 0.01) and
DIABETES, VOL. 51, DECEMBER 2002

obese (5.7 ⫾ 0.9 ng/ml, P ⬍ 0.05) rats following a 48-h fast
(Fig. 5A). Obese Zucker rats had extremely elevated leptin
levels compared with lean controls (lean/fed: 4.4 ⫾ 0.7
ng/ml; obese/fed: 112.7 ⫾ 18.3 ng/ml, P ⬍ 0.01), which
were not significantly altered after a 48-h fast (90.1 ⫾ 20.2
ng/ml). A marked decrease in leptin levels was seen in lean
Zucker rats following a 48-h fast (1.1 ⫾ 0.2 ng/ml, P ⬍ 0.01;
Fig. 5B). Plasma glucose levels were not significantly
different in ad libitum–fed lean and obese Zucker rats
(405.5 ⫾ 30.6 and 461.7 ⫾ 65.1 mg/dl, respectively; Fig.
5C). Following a 48-h fast, a significant decrease in glucose
levels was seen in lean rats (311.9 ⫾ 18.3 mg/dl, P ⬍ 0.05)
but not in obese rats (351.4 ⫾ 19.6 mg/dl; Fig. 5C).
DISCUSSION

Our first published reports of the central actions of synthetic GHS (now known to be ghrelin mimetics) described
the effect of GHRP-6 to induce Fos protein expression in
the arcuate nucleus of ad libitum–fed rats (36). It now
seems clear, however, that this nucleus also contains a
discrete subpopulation of neurons that only respond to
these compounds in the fasting state. Thus, when the same
dose of GHS (which was maximally effective in fed rats)
was administered to 48-h–fasted rats, we saw a threefold
increase in the number of cells expressing Fos protein
compared with ad libitum–fed controls (15,16). We hypothesized that this increased responsiveness may reflect
changes in circulating satiety factors. In the present study,
3415
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FIG. 4. Mean ⴞ SE number of Fos-positive cells in the arcuate nucleus
of fed and 48-h fasted lean (ⴙ/?) and obese (fa/fa) Zucker rats
following intravenous administration of GHRP-6. *P ⴝ 0.03 and **P ⴝ
0.02, Mann-Whitney U test (NS, not significant). Numbers within
columns indicate the number of animals in each group.

we show that chronic central infusion of either insulin or
leptin to 48-h–fasted rats suppressed the potentiation of
the Fos response to a maximally effective dose of GHRP-6
normally seen in the fasted state. Furthermore, leptin/
insulin-insensitive obese Zucker rats showed a twofold
greater Fos response to GHRP-6 compared with lean
controls, despite manifest hyperleptinemia and hyperinsulinemia, and the Fos response was not further potentiated
following a 48-h fast. In contrast, the marked decrease in
leptin and insulin levels in lean Zucker rats was associated
with a 2.5-fold increase in GHRP-6 –induced Fos expression. These data suggest that a subpopulation of ghrelinresponsive cells in the arcuate nucleus is subject to
inhibition by a central action of the satiety hormones,
insulin and leptin.
As expected, circulating levels of insulin and leptin
decreased significantly in rats fasted for 48 h, and this was
associated with a large increase in the number of arcuate
nucleus cells activated (i.e., expressed Fos) after systemic
GHRP-6 administration. These peripherally produced hormones are thought to enter the central nervous system
(CNS) via selective (receptor-mediated) transport mechanisms (37,38). This transport across the blood-brain barrier is affected both by fasting and obesity, resulting in
decreased entry of these hormones into the CNS (39 – 41).
By infusing insulin or leptin directly into the cerebral
ventricles, we sought to circumvent this central decrease
and indeed were able to suppress the increase in hypothalamic responsiveness to GHRP-6 normally seen in the
fasted state. It seems likely that this is brought about by a
direct central inhibitory action of these hormones on
GHS-responsive circuits, as the low circulating levels of
insulin and leptin achieved during fasting remained suppressed in rats infused centrally with either hormone.
While peripheral replacement of insulin or leptin might
3416

FIG. 5. Mean ⴞ SE plasma insulin (A), leptin (B), and glucose (C)
concentrations in fed and 48-h–fasted lean (ⴙ/?) and obese (fa/fa)
Zucker rats. *P < 0.05 and **P < 0.01, ANOVA followed by NewmanKeuls posthoc test. Number of samples assayed for each group is shown
within the columns in C.

be more a physiological approach to study the central
effects of circulating satiety factors, it was important to
avoid peripheral actions of these hormones (e.g., on blood
glucose), as this could in itself alter central responsiveness
to GHS. Therefore, we adapted a previously published
protocol in which chronic ICV infusion of insulin prevented the increase in NPY mRNA in the arcuate nucleus
of fasted rats without affecting plasma insulin or glucose
levels (26) and used this for both insulin and leptin
infusion. It is important to note that replacement of
physiological levels of circulating leptin by continuous
subcutaneous infusion has been shown to prevent the rise
in NPY mRNA associated with a 70-h fast (42), and it
therefore seems possible that this regimen could also
prevent the increased activation of arcuate neurons by
GHRP-6 during fasting.
The increased Fos response to GHRP-6 was not completely restored to fed control levels by ICV insulin infusion, and one possible explanation is that insulin-infused
fasted rats may have had lower cerebrospinal fluid (CSF)
insulin levels than fed (saline-infused) rats. Alternatively
DIABETES, VOL. 51, DECEMBER 2002
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insulin may act together with other circulating factors that
are suppressed by fasting such as leptin or glucose to
regulate the activity of GHS-responsive neurons. Certainly
both insulin and leptin have receptors in the arcuate
(18,19), have similar effects to suppress food intake (20,21)
and appear to activate a common intracellular signaling
pathway (phosphatidylinositol-3-OH kinase) (31,43).
Whether coinfusion of the current doses of leptin and
insulin to fasted rats would reveal some additive suppressive effects of these peptides on the central actions of GHS
or merely reflect the “fed” phenotype remains to be seen.
The dose of leptin used probably produced CSF levels in
excess of normal physiological values, since this dose has
previously been shown to reduce food intake and body
weight in rats (33,44). However, even chronic ICV infusion
of this dose of leptin did not lead to a complete suppression of hypothalamic responsiveness to GHRP-6, as the
Fos response in leptin-infused fasted rats was identical to
that seen in normally fed rats. Furthermore, this action of
leptin to reduce the number of arcuate neurons activated
by GHS is only seen in fasted rats, as we previously found
no difference in Fos response to GHS administered to ad
libitum–fed rats infused centrally for 1 week with either
saline or leptin (33). We cannot rule out the possibility that
the inhibitory effect of leptin and insulin on the Fos
response is not a direct action on arcuate neurons. Thus,
we have previously demonstrated that somatostatin reduced the Fos response to GHS administration in fed rats
(45), and leptin administration to fasted rats has been
shown to increase somatostatin mRNA expression in the
periventricular nucleus, probably by enhancing growth
hormone feedback (46). It is not known whether insulin
exerts a similar effect on somatostatin. Nonetheless, if this
increased synthesis of somatostatin is matched by increased release in the arcuate nucleus, it might account, at
least in part, for the reduced Fos response to GHRP-6
administration seen in fasted rats infused with leptin or
insulin.
Another important observation of the present study is
the demonstration of increased hypothalamic responsiveness to GHRP-6 in obese (fa/fa) Zucker rats. The fa
mutation causes a defect in the leptin receptor (leptin
resistance) and subsequently the development of insulin
resistance. Certainly, neither central nor peripheral leptin
or insulin administration to obese Zucker rats reduces
food intake, body weight, or hypothalamic NPY gene
expression at doses that are effective in lean controls
(20,28,30). The most likely explanation for the almost
twofold increase in the Fos response to GHRP-6 seen in
obese Zucker rats is the inability of leptin and insulin to
exert an inhibitory effect on arcuate neurons, despite the
high concentrations found in the circulation. Fed obese
Zucker rats display a Fos response to GHRP-6, similar to
that seen in lean Zucker rats following a 48-h fast. Since in
obese Zucker rats leptin and insulin cannot signal information to the hypothalamus about the size of the energy
store, it is perceived to be in a fasted state (even when fed)
and the hypothalamus displays increased responsiveness
to GHS administration. Perhaps not surprisingly, the Fos
response to GHRP-6 in obese Zucker rats was not further
increased after a 48-h fast in direct contrast to the marked
increase seen in lean Zucker rats, which was associated
DIABETES, VOL. 51, DECEMBER 2002

with clear decreases in plasma insulin and leptin levels.
Similarly, no change in arcuate preproneuropeptide Y
mRNA levels was seen in obese Zucker rats following a
72-h fast, while an almost twofold increase in was reported
in lean Zucker rats (47).
The neurochemical identity of the cells recruited by
fasting (or leptin/insulin resistance) to become activated
by GHSs remains to be determined. In ad libitum–fed rats,
NPY and growth hormone–releasing hormone (GHRH)
cells represent the major populations of cells activated by
GHRP-6 (51 and 23%, respectively), although it is clear that
these are not the only cells activated (13). Although it is
well established that GHRH neurones are targets for GHS
(12,13,48,49), it seems unlikely that these are recruited to
activity during fasting. In male rats, arcuate GHRH mRNA
is decreased during 48-h fasting (50), and this is associated
with suppressed pulsatile growth hormone (GH) secretion
(51). Furthermore, the stimulatory effect of GHRP-6 on GH
release is blunted in fasted rats (52). Thus, the paradox of
increased GHS-induced neuronal activation in the arcuate
nucleus together with decreased GH output suggests that
additional GHRH neurons are not activated by GHS during
fasting. Rather, the neurons recruited by fasting to activation by GHS may release an inhibitor of GH secretion such
as NPY (53). In support of this, fasting increases the
number of cells expressing NPY/AgRP mRNA levels in the
arcuate nucleus (54), and these increases can be prevented by insulin or leptin replacement (26,42). It is well
established that, at least in fed rats, NPY neurons express
GHS-R mRNA (12) and that GHS/ghrelin administration
increases NPY and AgRP mRNA expression (9 –11,14) and
induces c-fos in NPY cells (9,13), indicating that these cells
are central targets for GHSs/ghrelin. Taken together with
our data showing that the number of cells activated by
GHSs/ghrelin is increased by fasting and suppressed by
central insulin or leptin infusion, strongly suggests that a
greater number of NPY cells could be activated by GHSs/
ghrelin in fasted rats.
The present findings, that the hypothalamic circuits
through which GHRP-6 (and hence, ghrelin) acts are
sensitive to perturbations in energy balance (fasting and
leptin/insulin resistance) and subject to inhibitory control
by insulin and leptin, lend further support to the hypothesis that ghrelin may play a physiological role in the
regulation of food intake as well as an adaptive role in the
response to negative energy balance.
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