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Abstract

Ghrelin and amylin are gut-derived hormones that stimulate and inhibit food intake, respectively. Feeding is modulated by aminergic

neurotransmitters in the hypothalamus. We have evaluated the effects of ghrelin and amylin on dopamine, norepinephrine and serotonin

release from rat hypothalamic synaptosomes. We found that ghrelin did not modify dopamine or norepinephrine release, but inhibited

serotonin release. On the other hand, amylin inhibited dopamine release, without affecting norepinephrine or serotonin. We conclude that the

appetite-stimulating activity of ghrelin could be mediated by inhibited serotonin release, while the anorectic effects of amylin could involve

inhibited release of dopamine in the hypothalamus.
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1. Introduction

The appetite regulatory network is modulated at the

hypothalamic level by the interaction of hormonal and

neuronal signaling (Kalra et al., 1999). Ghrelin is a 28-

amino acid peptide hormone, which has been isolated from

the rat stomach as the endogenous ligand for the growth

hormone (GH) secretagogue receptor (Kojima et al., 1999),

but it is also produced in the hypothalamus. Besides its GH-

releasing activity, ghrelin stimulates food intake and

increases fat stores, either when administered peripherally

or intracerebroventricularly, at dosages in the nanomolar or

picomolar range, respectively (Tschop et al., 2000). Food

intake is markedly stimulated after microinjection into the

arcuate nucleus of the hypothalamus, which is potentially

accessible to the circulation (Wren et al., 2001). The ore-

xigenic activity of ghrelin is partially mediated by agouti-

related peptide (AGRP) and neuropeptide Y (Nakazato et

al., 2001), both of which are well known appetite-stimulat-

ing signals. Ghrelin can also antagonize the anorectic effect

of leptin through the activation of the hypothalamic neuro-

peptide Y/Y1 receptor pathway (Shintani et al., 2001).

Amylin is a 37-amino acid peptide hormone that is co-

secreted with insulin by pancreatic h-cells following meals,

playing a role in glucose homeostasis (Ludvik et al., 1997).

Peripheral amylin is able to cross the blood–brain barrier

(Banks et al., 1995; Banks and Kastin, 1998), but amylin-

immunoreactive neurons are also present in the hypothal-

amus (D’Este et al., 2001). With respect to feeding behavior,

amylin plays a role opposite to ghrelin, in inhibiting food

intake following both systemic (10 nmol/kg) and intracer-

ebroventricular administration (100 pmol) (Chance et al.,

1991; Rushing et al., 2000).

Aminergic neurotransmitters have long been implicated

in feeding control at the hypothalamic level (Kalra et al.,

1999), and we have previously found that peptide hormones

or neuropeptides such as leptin, thyrotropin-releasing hor-

mone (TRH), cocaine- and amphetamine-regulated tran-

script (CART) peptide, and the orexins A and B differently

modulate hypothalamic dopamine, norepinephrine and sero-

tonin release, which could partially explain their appetite

regulatory activity (Brunetti et al., 1999, 2000; Orlando et

al., 2001).

In order to further investigate the endocrine link between

the digestive tract and the central nervous system, partic-
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ularly with regard to the feeding regulatory mechanisms, in

the present study, we have evaluated the effects of ghrelin

and amylin on dopamine, norepinephrine and serotonin re-

lease from rat hypothalamic neuronal terminals (synapto-

somes) in vitro.

2. Materials and methods

As previously described (Brunetti et al., 1999), hypo-

thalamic synaptosomes were prepared from male Wistar rats

(200–250 g), loaded with either [3H]dopamine, [3H]nore-

pinephrine or [3H]serotonin, perfused in water-jacketed

superfusion chambers with Krebs–Ringer buffer (0.6 ml/

min), and perfusate was collected (1 min fractions for

serotonin, and 2 min fractions for dopamine and norepi-

nephrine release) to detect released [3H] by liquid scintilla-

tion scanning. The European Community guidelines for the

use of experimental animals have been adhered to and the

protocol was approved by the institutional ethics committee.

In a first set of experiments, either ghrelin or amylin were

added to the perfusion buffer, in graded concentrations (1–

100 nM), for 5 min in the serotonin release experiments, and

for 10 min in the dopamine and norepinephrine release

experiments, followed by 8 min with Krebs buffer alone.

Amine release was calculated as the meansF S.E.M of the

percentage of [3H] recovered in the stimulus and return to

basal fractions (a total of 11 fractions for serotonin, and 10

fractions for dopamine and norepinephrine), compared to

total loaded [3H]. A second set of experiments was run to

evaluate the effects of the peptides on neurotransmitter

release induced by a mild depolarizing stimulus. After a

30-min equilibration perfusion with buffer alone, a 23-min

perfusion with the peptides (1–100 nM) was started, where

in the final 3 min, K+ concentration in the perfusion buffer

was elevated to 15 mM (after removal of equimolar con-

centrations of Na+). A time–response curve relative to the

percentage of [3H] recovered in each perfusate fraction

compared to total loaded [3H] was plotted, and amine

release was calculated as the area under the time–response

curve (AUC) corresponding to 3 min depolarization + return

to basal period in Krebs–Ringer buffer (a total of 8

fractions). Preliminary experiments showed that monoamine

re-uptake is negligible due to the rapid removal of released

amines by perfusion flow, except in the experiments eval-

uating serotonin release, where a column chromatography of

the perfusate was performed to separate serotonin from its

metabolites, as previously described (Orlando et al., 2001).

Data represent the group meansF S.E.M. of three to five

experiments performed in triplicate. Treatment and control

group means were compared by the analysis of variance

(ANOVA) followed by Student–Newman–Keul’s multiple

comparison test (GraphPad Prism 2.00 software).

Rat amylin, 1 mg, and rat ghrelin, 0.1 mg, were pur-

chased from American Peptide, USA. [3H]dopamine (40–

60 Ci/mmol, 250 ACi pack size), [3H]norepinephrine (30–

50 Ci/mmol, 250 ACi pack size) and [3H]serotonin (10–20

Ci/mmol, 1 mCi pack size) were purchased from Amersham

Pharmacia Biotech, Italy.

3. Results

Ghrelin, in the dose range 1–100 nM, did not affect basal

amine release. MeansF S.E.M. of the percentage of

[3H]amine recovered in the stimulus and return to basal

fractions with respect to total loaded [3H] were as follows:

[3H]dopamine: control, 1.63F 0.02; 1 nM, 1.59F 0.02; 10

nM, 1.69F 0.04; 100 nM, 1.68F 0.06; [3H]norepinephrine:

control, 1.28F 0.02; 1 nM, 1.28F 0.02; 10 nM, 1.29F
0.03; 100 nM, 1.32F 0.05; [3H]serotonin: control, 1.87F
0.02; 1 nM, 1.91F 0.04; 10 nM, 1.81F 0.04; 100 nM,

1.85F 0.03.

On the other hand, ghrelin was able to specifically inhibit

depolarization-induced serotonin release (Fig. 1B), with no

effect on depolarization-induced dopamine (Fig. 1A) and

norepinephrine release. MeanF S.E.M. of the area under

the time–response curve (AUC) of the percentage of

[3H]amine recovered with respect to total (fractions + filters)

were as follows: control [K+ (15 mM)], 7.12F 0.14; 1 nM,

7.06F 0.14; 10 nM, 7.08F 0.15; 100 nM, 7.07F 0.14.

We also found that amylin, in the dose range 1–100 nM,

did not affect basal amine release. MeansF S.E.M. of the

percentage of [3H]amine recovered in the stimulus and

return to basal fractions with respect to total loaded [3H]

were as follows: [3H]dopamine: control, 1.16F 0.03; 1 nM,

1.12F 0.03; 10 nM, 1.13F 0.03; 100 nM, 1.16F 0.06;

[3H]norepinephrine: control, 1.28F 0.02; 1 nM, 1.26F
0.05; 10 nM, 1.28F 0.02; 100 nM, 1.23F 0.04; [3H]sero-

tonin: control, 1.95F 0.05; 1 nM, 2.01F 0.02; 10 nM,

2.06F 0.07; 100 nM, 2.02F 0.07.

On the other hand, amylin significantly inhibited depola-

rization-stimulated dopamine release (Fig. 1A), but did not

Fig. 1. Effects of amylin and ghrelin on depolarization-induced dopamine

(panel A) and serotonin (panel B) release. The control group was perfused

with K+ (15 mM) in Krebs–Ringer buffer for 3 min; the amylin and ghrelin

groups were perfused with graded concentrations of the respective peptides

in K+ (15 mM) Krebs–Ringer buffer for 3 min, after a 20-min pre-

incubation with the peptide in Krebs–Ringer buffer. The columns represent

the area under the time– response curve (AUC) of the percentage of

[3H]amine recovered, with respect to total (fractions + filters); each column

represents the meanF S.E.M. of three to five experiments performed in

triplicate; ANOVA, P< 0.0001; *P < 0.001 vs. control.
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modify the stimulated release of serotonin (Fig. 1B) and

norepinephrine. MeanF S.E.M. of the area under the time–

response curve (AUC) of the percentage of [3H]amine

recovered with respect to total (fractions + filters) were as

follows: control [K+ (15 mM)], 7.23F 0.01; 1 nM, 7.24F
0.04; 10 nM, 7.18F 0.11; 100 nM, 7.29F 0.08.

4. Discussion

The aminergic system plays a still unsettled role in the

fine-tuning of feeding behavior at the hypothalamic level.

On one side, dopamine administration into the hypothal-

amus inhibits food intake (Gillard et al., 1993), and the well-

established anorectic effects of amphetamines could be

explained by dopamine re-uptake inhibition in the lateral

hypothalamus (Samanin and Garattini, 1993). On the other

hand, dopamine injection into the lateral hypothalamus

stimulates feeding behavior and obese rats have raised

hypothalamic dopamine levels (Yang and Meguid, 1995).

Moreover, brain dopamine release is associated with

rewarding behavior (Robbins and Everitt, 1996), and dop-

amine is required for the increased food intake that follows

leptin deficiency (Szczypka et al., 2000). The present

findings, demonstrating that amylin inhibits dopamine

release in the hypothalamus (Fig. 1A), together with our

previous results, showing that the anorectic peptides leptin,

CART peptide-(55–102) and TRH inhibit hypothalamic

dopamine release (Brunetti et al., 1999, 2000), further

support a role for inhibited dopamine release in mediating

the anorectic peptide effects in the hypothalamus. It has

been reported that the acute satiety effect of intraperitoneally

administered amylin could be blocked by dopamine D2

receptor antagonists, but this could be explained by extra-

hypothalamic effects, probably in the area postrema/nucleus

of the solitary tract region (Lutz et al., 2001).

Serotonin plays a well-established role in inhibiting

feeding behavior at the hypothalamic level (Leibowitz and

Alexander, 1998) and amphetamine-related anorectic drugs,

such as fenfluramine, increase serotonin neurotransmission

(Davis and Faulds, 1996). We have previously reported that

orexin A and orexin B, which play a physiological role of

appetite-stimulating peptides, inhibit serotonin release from

hypothalamic synaptosomes, and this could account for the

feeding stimulatory effects of these peptides. The present

results, showing that depolarization-stimulated serotonin

release is inhibited by ghrelin and not affected by amylin

(Fig. 1B), confirm a role for decreased serotonergic signal-

ing in mediating the acute hypothalamic effects of appetite-

stimulating peptides.

Norepinephrine has been found to stimulate food intake

via a2-adrenoceptors (Wellman et al., 1993), and we have

previously shown that the leptin acutely inhibits norepi-

nephrine release from hypothalamic synaptosomes, which

could partially explain the anorectic effect of leptin (Brunetti

et al., 1999). The present findings, showing ghrelin and

amylin do not affect norepinephrine release, rule out an

involvement of noradrenergic modulatory effects of these

peptides in the hypothalamus.

Considering the role played by serotonin and dopamine

in the mechanisms of feeding and reward, though in the

limited setting of an in vitro superfusion system, we can

conclude that the appetite-stimulating activity of ghrelin

could be mediated in part by inhibition of serotonin release,

while the anorectic effects of amylin could involve inhibited

release of dopamine in the hypothalamus.
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