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CURRIE, P. J. AND D. V. COSCINA. Metergoline potentiates natural feeding and antagonizes the anorectic action of
medial hypothalamic 5-hydroxytryptamine. PHARMACOL BIOCHEM BEHAV 53(4) 1023-1028, 1996. —Medial hypo-
thalamic injections of 5-hydroxytryptamine (5-HT) or its agonists have been reported to inhibit feeding elicited by norepineph-
rine (NE), suggesting that these two transmitter systems interact antagonistically in the control of ingestive behavior. The
present study was designed to directly test the hypothesis that 5-HT inhibits adrenergic feeding, specifically at the onset of the
rat’s nocturnal eating cycle. Free-feeding animals were injected with 5-HT (5-20 nmol) immediately before NE (20 nmol) and
food intake was measured 1.5 h postinjection. In separate groups of rats, the serotonergic antagonist metergoline (MET) (2.5-
20 nmol) was injected into the paraventricular nucleus (PVN) immediately before 5-HT, or before combined injections of
5-HT and NE. The feeding-stimulant action of MET alone, injected IP (0.25-2 mg/kg) or centrally (2.5-40 nmol), was also
examined. Results indicated that administration of 5-HT into the PVN suppressed dark onset feeding and dose-dependently
blocked NE-stimulated eating. Pretreatment with MET attenuated the inhibitory action of 5-HT on feeding, and reversed the
serotonergic blockade of the adrenergic eating response. Further, systemically injected MET significantly increased dark onset
feeding, whereas PVN injections failed to alter food intake reliably. These findings provide the first direct evidence that
serotonergic and adrenergic systems within the PVN interact in a competitive manner to modulate the natural high rates of
feeding displayed by rats during the early dark period. Although MET effectively blocked the anorectic effect of 5-HT, the
feeding-stimulant action of this compound alone does not appear to be mediated within the PVN.
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RECENT indirect evidence suggests that brain 5-hydroxy-
tryptamine (5-HT) may exert its effects on natural feeding
patterns, specifically by opposing the action of norepinephrine
(NE) to potentiate food intake at the onset of the nocturnal
cycle. Endogenous levels of both neurotransmitters in the me-
dial hypothalamic paraventricular nucleus (PVN) exhibit a cir-
cadian rhythm with peak concentrations evident during the
early dark period (25,27,36,37). The peak in extracellular lev-
els of NE is associated with an increase in o,-adrenergic recep-
tor density and an increase in circulating corticosterone, a
hormone which is critical for the expression of adrenergic
feeding (16). Moreover, exogenous administration of NE is
most effective in stimulating eating and carbohydrate appetite

at the beginning of the dark phase (8,38). Similarly, 5-HT
elicits its most potent anorectic effects when injected into the
PVN at this particular time (22,23).

Indirect support for the hypothesis that medial hypothala-
mic 5-HT suppresses ingestion at dark onset through an inhib-
itory interaction with NE is also derived from previous work
showing that PVN administration of 5-HT or its agonists dur-
ing the mid-light cycle suppresses feeding, and specifically,
eating stimulated by NE (13,14,41). This effect is reversed
by pretreatment with the serotonergic antagonist metergoline
(MET) (41) which, when injected systemically, has been found
to increase food intake (9,11) and to inhibit the anorectic
action of d-fenfluramine (15,32). Intraperitoneal MET injec-
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tions have further been shown to potentiate carbohydrate in-
gestion selectively (35) and to exaggerate the natural tendency
of the rat to consume this macronutrient at dark onset (17).

The following experiments were designed to provide direct
tests of the hypothesis that serotonergic and adrenergic recep-
tor mechanisms within the paraventricular nucleus interact
antagonistically to control ingestive behavior during the early
dark period. This was accomplished by examining the dose-
response effectiveness of S-HT to inhibit eating elicited by NE
at this time. Additional studies were conducted to characterize
the impact of MET on spontaneously motivated feeding oc-
curring at the start of the nocturnal cycle and to determine its
ability to reverse the anorectic action of 5-HT on NE-
stimulated eating.

METHODS
Animals

Adult male Sprague-Dawley rats (Charles River, St.-
Constant, Quebec, Canada), weighing 275-300 g at the time
of surgery, were individually housed in hanging wire-mesh
cages. Rats had free access to Purina lab chow pellets (Bio-
Serv, Frenchtown, NJ) and water. The animal colony room
was maintained on a 12 L : 12 D cycle (lights on at 0700 h) and
at a temperature of 22 + 2°C.

Surgery

Rats were anesthetized with pentobarbital sodium (50
mg/kg, IP; Somnotol) and placed in a stereotaxic frame with
the incisor bar set 3.6 mm below the interaural line. Coordi-
nates for the guide cannula relative to bregma were AP - 1.5
mm, L —0.3 mm, and V —4.5 mm (28). Guide cannulae (22
ga; Plastics One, Roanoke, VA} were implanted 4 mm dorsal
to the PVN. Implants were secured with acrylic cement and
three stainless-steel screws which penetrated the skull. A 28-ga
stainless-steel stylet was used to maintain cannula patency.
Behavioral testing began after a 1-week postoperative recovery
period. During this time, each rat was handled frequently and
received several mock injections.

Drugs

Norepinephrine bitartrate and 5-HT maleate were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Metergo-
line was generously supplied by Farmitalia (Milan, Italy). NE
and 5-HT were dissolved in sterile physiologic (0.9%) saline,
and MET was dissolved in 1% tartaric acid. Drugs were in-
jected into the PVN using a 28-ga microinjection assembly
(Plastics One) attached to a 5-ul Hamilton syringe (Bonaduz,
Switzerland). The injector cannula extended 4 mm beyond the
indwelling guide cannula. A volume of 0.4 ul was injected
over a period of | min with the injector cannula left in place
for an additional 30 s to permit drug diffusion.

Procedure

Experiment 1. Separate groups of rats were used to exam-
ine the feeding-suppressive effects of 5-HT (n = 12), the feed-
ing-stimulatory action of NE (» = 15), and the combined im-
pact of NE and 5-HT (n = 8) on dark onset feeding. Food
pellets were removed from home cages 10 min before the start
of testing and weighed. 5-HT (1.3-20 nmol) or saline, and NE
(5-40 nmol) or saline were injected into the PVN immediately
before the start of the dark period. Under conditions requiring
combined NE and 5-HT treatment, PVN infusion of 5-HT (5-
20 nmol) was followed by NE (20 nmol) injection, and food
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intake measurements were taken 1.5 h after drug injection.
Any spillage, although minimal during this brief test period,
was collected from beneath the cage and added to the uncon-
sumed total. Drug or vehicle injections were administered in
randomized order, and a minimum of 3 drug-free days sepa-
rated successive tests. Fresh food was provided daily approxi-
mately 5 h before lights out to minimize disturbance to ani-
mals at the onset of the dark period. Similar test procedures
were carried out in each of the experiments which followed.

Experiment 2. This study examined the impact of MET on
the serotonergic inhibition of dark onset feeding and assessed
the ability of MET to reverse the suppression of NE-
stimulated eating elicited by 5-HT. All compounds were in-
jected directly into the PVN. To examine the potential block-
ade of 5-HT-induced anorexia following MET administration
(n = 12), the serotonergic antagonist (2.5-20 nmol) or its ve-
hicle was injected 10 min before 5-HT (10 nmol) or saline. In
an additional group of rats (n = 10) induced to eat with NE,
MET (5-20 nmol) or vehicle was infused 10 min before 5-HT
(10 nmol) or saline followed by NE (20 nmol) or saline. Injec-
tions of 5-HT and NE were administered immediately before
the onset of the nocturnal cycle and food intake, corrected for
spillage, was measured 1.5 h later.

Experiment 3. The effects of systemic and PVN injections
of MET on dark onset feeding were examined. MET was ad-
ministered IP (n = 16) immediately before the onset of the
nocturnal cycle, at doses ranging from 0.25-2 mg/kg or vehi-
cle. In a separate group of rats (n = 10), the serotonergic
antagonist was infused into the PVN at doses of 2.5-40 nmol.
After systemic or central drug treatment, rats were returned to
their cages with preweighed food and intakes were measured
1.5 h postinjection.

Histology and Statistics

Following the completion of these experiments, histologic
verification of cannula placements was performed. Rats were
anesthetized with Somnotol and perfused transcardially with
saline followed by 10% buffered formalin. The brains were
extracted and stored in formalin for at least 7 days before
40-um frozen coronal sections were cut, mounted on glass
slides, and stained with Cresyl violet. Sections were viewed
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FIG. 1. Feeding-suppressive action of 5-HT administered into the

PVN at the onset of the nocturnal cycle (n = 12). Data were analyzed
by ANOVA for repeated-measures and Tukey tests (*p < 0.05 com-
pared to intake after saline injection).
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FIG. 2. Eating-stimulatory action of NE injected into the PVN (n =
15). Statistical significance was determined using repeated-measures
ANOVA and posthoc Tukey tests (*» < 0.05 compared to saline).

relative to the stereotaxic atlas of Paxinos and Watson (28).
All rats reported in these studies were found to have injector
needle tracts extending into the dorsomedial region of the
PVN.

Statistical evaluations were based on one-way analyses of
variance (ANOVA) for repeated measures followed by indi-
vidual mean comparisons using posthoc Tukey tests. For all
statistical tests, the « level was set at p < 0.05.

RESULTS

The effects of PVN injections of 5-HT and NE on food
ingestion occurring at the onset of the nocturnal cycle are
shown in Figs. 1 and 2. ANOVA confirmed that treatment
with 5-HT evoked a dose-dependent reduction in dark onset
feeding [F(5, 66) = 6.4, p < 0.001], yielding a maximal sup-
pressive effect in excess of 80%. Even a low dose of S nmol
suppressed intake by 64%. In contrast, NE administration
significantly increased feeding behavior [F{(4, 70) = 10.9, p
< 0.001], resulting in an over twofold increase in intake com-
pared to saline, When 5-HT was infused into the PVN imme-
diately before NE, a dose-dependent reduction in NE-
stimulated eating ranging from 22-66% was evident [F(4, 35)
= 21.2, p < 0.001] (Fig. 3).

As shown in Fig. 4, the serotonergic-induced suppression
of dark onset feeding was significantly attenuated by MET
pretreatment [F(5, 66) = 18.8, p < 0.001]. Similarly, MET
injected into the PVN also antagonized the inhibitory impact
of 5-HT on NE-stimulated eating [F(5, 54) = 11.8, p <
0.001} (Fig. 5). In each case, the effect of MET was dose
dependent, achieving at the highest dose a near-total blockade
of 5-HT-induced anorexia. As shown below, these same doses
of MET failed reliably to alter baseline food intake when
injected alone.

Figure 6 compares, as a function of dose, the feeding re-
sponses to IP and PVN injections of MET over the 1.5 h
following dark onset injection. Although systemic administra-
tion of MET produced a significant increase in food intake
[F(4,75) = 10.6, p < 0.001], PVN injection of the serotoner-
gic antagonist did not reliably alter food intake at any of the
doses tested. With respect to IP administration, a maximal
effect on food intake was found at the 1 mg/kg dose, whereas
treatment with the highest dose of 2 mg/kg failed reliably
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FIG. 3. Effects of 5-HT on eating stimulated by injection of NE into
the PVN at the start of the active feeding cycle (n = 8). Statistical
differences between treatments were determined by repeated-measures
ANOVA and posthoc Tukey tests of individual mean comparisons (*p
< 0.05 compared to food intake following injection of NE; **p <
0.05 for comparison between NE and saline).

to alter food intake compared to baseline. Because enhanced
feeding was only evident following IP injection of 0.5-1
mg/kg, this suggests that the eating-stimulatory effects of
MET are found within a very narrow dose range.

DISCUSSION

Previous work has provided compelling evidence that an
increase in serotonergic function decreases food intake, sug-
gesting an inhibitory role of this monoamine in the control of
ingestive behavior (3,6,21,31,34). It has also been proposed
that endogenous 5-HT acts within the medial hypothalamus
to suppress ingestion through its inhibitory interaction with
NE (20,41) and, more recently, that this antagonistic interac-
tion occurs during the early dark period (20). The results of
the present study support the hypothesis that 5-HT acts on
satiety mechanisms to inhibit NE-stimulated eating by demon-
strating a particularly strong antagonism between these two
aminergic systems within the PVN on natural feeding behav-
ior. Specifically, at the beginning of the dark period, PVN
injections of NE increased eating, whereas 5-HT at low doses
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FIG. 4. Effects of PVN injection of MET on the serotonergic inhibi-
tion of dark-onset feeding (n = 12). Statistical significance between
treatments was determined by repeated-measures ANOVA and Tukey
tests (*p < 0.05 compared to intake after injection of 5-HT; **p <
0.05 for comparison between 5-HT and saline injections).
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FIG. 5. Blockade of the serotonergic inhibition of NE-stimulated
eating following PVN injection of MET (n = 10). Data were analyzed
by ANOVA for repeated measures followed by posthoc Tukey tests
(*p < 0.05 compared to intake after coinjection of 5-HT and NE;
**n < 0.05 compared to NE; ***p < 0.05 compared to saline).

inhibited food intake. When both monoamines were coin-
jected, 5-HT antagonized NE-induced feeding. The inhibitory
effect on the adrenergic ingestive response was dose-depen-
dent.

Although 5-HT effectively suppressed spontaneous feeding
behavior occurring at the start of the nocturnal cycle as well
as eating stimulated by NE, pretreatment with the 5-HT, ,-
receptor antagonist MET, injected into the PVN, attenuated
the anorectic action of 5-HT under both conditions. Autora-
diographic studies have demonstrated the existence of seroton-
ergic receptors including 5-HT,g receptor binding sites in the
medial hypothalamus (19,29,30), which may provide the neu-
ral substrate for 5-HT’s impact on feeding behavior. The me-
dial hypothalamus is densely innervated by both adrenergic
and serotonergic neurons, particularly within the parvocellu-
lar region of the PVN, which is believed to be important in the
control of feeding (18,33). In addition, biochemical evidence
indicates that an antagonistic interaction exists between adren-
ergic and serotonergic systems in the hypothalamus with the
activity of adrenergic neurons and release of NE inhibited by
5-HT (2,40). These findings may provide further support for
the proposed antagonistic interaction between adrenergic and
serotonergic systems in the control of food intake through
their action on medial hypothalamic satiety mechanisms.

Circadian variations in medial hypothalamic neurotrans-
mitter release and activity, receptor density, and/or affinity,
as well as in metabolic processes, are all believed to be closely
related to expressions of natural feeding behavior and to vari-
ations in feeding responses resulting from exogenous neuro-
transmitter administration (20,23,38). Feeding which occurs
at the onset of the dark phase, for example, is associated with
low levels of plasma glucose, increased carbohydrate utiliza-
tion, and increased activity of adrenergic and serotonergic
systems (1,16,24,36,37). In the present study, injection of NE
at the start of the dark cycle evoked a robust and dose-
dependent increase in food intake, whereas low doses of 5-HT
suppressed dark onset feeding and eating elicited by adrener-
gic stimulation. The anorectic action of 5-HT was impeded by
treatment with the serotonergic antagonist MET which, when
injected alone into the PVN, had no impact on feeding behav-
ior. As such, these data provide the first direct evidence in
support of an antagonistic interaction between medial hypo-
thalamic adrenergic and serotonergic systems controlling food
intake during the early dark period. The data are also in agree-
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ment with one previous report in which MET injected into the
PVN, during the mid-light cycle, antagonized the serotonergic
suppression of NE-induced feeding (41), although in the pres-
ent study considerably lower doses of MET were effective in
evoking a near-total blockade of this effect.

Natural feeding behavior in the rat follows a circadian
rhythm with a peak in eating occurring at the beginning of
the nocturnal cycle (1,7,39). In the current study, systemic
injections of the serotonergic antagonist MET reliably en-
hanced feeding during the early dark period. This finding,
while providing additional support for the hypothesis that
5-HT is involved in controlling food intake, specifically during
the early portion of the dark cycle, is in line with previous
results showing that peripheral administration of MET stimu-
lates food intake in satiated rats when administered in the
mid-light cycle (9,11), and with one additional report indicat-
ing that IP MET selectively potentiates carbohydrate appetite
at dark onset (17).

The question of whether serotonergic antagonists stimulate
ingestion through peripheral or central mechanisms has been
previously discussed (5,11). When 5-HT is injected systemi-
cally, it does not cross the blood-brain barrier but elicits a
potent suppression in food intake (10,12). This anorectic ef-
fect can be blocked by serotonergic antagonists (4,26), sug-
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FIG. 6. Effects of IP (n = 16)and PVN (n = 10) injections of MET
on dark-onset feeding. Significant treatment effects were determined
by repeated-measures ANOVA followed by posthoc Tukey tests of
mean comparisons (*p < 0.05 compared to saline).
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gesting that the antagonists may be active at peripheral 5-HT
receptors where changes in eating behavior are evoked.

With respect to central mechanisms of action, the PVN is
considered to be an important brain site mediating the feed-
ing-inhibitory effects of 5-HT and its agonists (20,21,41).
However, in the current study, microinjection of MET into
this medial hypothalamic nucleus did not stimulate feeding.
Other evidence has shown that peripheral injections of sero-
tonergic antagonists do not block the anorectic effects of
5-HT injected into the PVN (26). These findings suggest that
the PVN is not critically involved in mediating the feeding
stimulant-action of serotonergic antagonists. However, it re-
mains possible that MET may act on other central sites to
elicit its feeding effects, as recent work has demonstrated that
intraventricular injections of this compound significantly in-
crease eating behavior (5). Consequently, 5-HT antagonists
may stimulate feeding by affecting serotonergic mechanisms
in other brain regions, including other hypothalamic areas, or
through an action on peripheral 5-HT systems.

In summary, the attenuation of adrenergic feeding by S-HT
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and the reversal of this effect by MET provide direct evidence
that these two transmitter systems may interact in an inhibi-
tory or competitive manner to control ingestive behavior dur-
ing the early portion of the rat’s normally active feeding cycle.
Although the results of the current study also extend previous
research findings to indicate that systemically administered
MET potentiates dark onset feeding, the inability of MET
to elicit food intake following direct injection into the PVN
suggests that its eating-stimulatory effects are not mediated
within this nucleus. The lack of effect of MET on food intake
following PVN microinjection is consistent with additional
evidence demonstrating the underlying importance of multiple
hypothalamic or extrahypothalamic 5-HT systems critically
involved in such 5-HT-related changes in food intake (5,
13,14).
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