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a1-Adrenoceptors in the lateral septal area
modulate food intake behaviour in rats

AA Scopinho, LBM Resstel and FMA Corrêa

Department of Pharmacology, School of Medicine of Ribeirão Preto, University of São Paulo, Ribeirão Preto, SP, Brazil

Background and purpose: Control of food intake is a complex behaviour which involves many interconnected brain
structures. The present work assessed if the noradrenergic system in the lateral septum (LS) was involved in the feeding
behaviour of rats.
Experimental approach: In the first protocol, the food intake of rats was measured. Then non-food-deprived animals received
either 100 nL of 21 nmol of noradrenaline or vehicle unilaterally in the LS 10 min after local 10 nmol of WB4101, an
a1-adrenoceptor antagonist, or vehicle. In the second protocol, different doses of WB4101 (1, 10 or 20 nmol in 100 nL) were
microinjected bilaterally into the LS of rats, deprived of food for 18 h and food intake was compared to that of satiated animals.
Key results: One-sided microinjection of noradrenaline into the LS of normal-fed rats evoked food intake, compared with
vehicle-injected control animals, which was significantly reduced by a1-adrenoceptor antagonism. In a further investigation,
food intake was significantly higher in food-deprived animals, compared to satiated controls. Pretreatment of the LS with
WB4101 reduced food intake in only food-deprived animals in a dose-related manner, suggesting that the LS noradrenergic
system was involved in the control of food intake.
Conclusion and implications: Activation by local microinjection of noradrenaline of a1-adrenoceptors in the LS evoked food
intake behaviour in rats. In addition, blockade of the LS a1-adrenoceptors inhibited food intake in food-deprived animals,
suggesting that the LS noradrenergic system modulated food intake behaviour and satiation.
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Introduction

The control of food intake is complex and involves many

interconnected brain structures (Cupples, 2002). The lateral

hypothalamus (LH) has been considered the main brain area

that regulates feeding behaviour (Anand and Brobeck, 1951;

Bernardis and Bellinger, 1996). Electrical stimulation of the

LH increases feeding behaviour, whereas chemical lesion of

the LH has been reported to decrease food intake (Carr and

Simon, 1983; Winn et al., 1984). However, other brain areas

are also involved in feeding behaviour control, and among

them is the lateral septum (LS).

The LS regulates autonomic and behavioral processes

in rats (Covian, 1966; Correa and Polon, 1978; Scopinho

et al., 2007). Its involvement in feeding behaviour has been

suggested by experiments based on electrolytic lesions (Ellen

and Powell, 1962; Paxinos, 1975). Rats with septal lesions

display hyperactive behaviour and reduced food intake,

which is similar to that observed after LH lesions (Oliveira

et al., 1990). The LS projects into the LH and receives a large

neural input from the hippocampus that is associated with

complex cognitive behaviour (Risold and Swanson, 1997).

These observations favour the idea that the LS integrates the

neural circuitry controlling food intake.

The microinjection of noradrenaline (NA) into hypo-

thalamic nuclei has been reported to evoke food intake

by satiated rats, suggesting that the CNS noradrenergic

system is involved in the control of feeding behaviour

(Grossman, 1962; Leibowitz, 1975; Leibowitz, 1978). The

injection of 6-hydroxydopamine into the hypothalamus

evoked decreased eating behaviour, suggesting that the

endogenous NA system is involved in the control of food

intake (Evetts et al., 1971). Moreover, it has been shown that

local a1- and a2-adrenoceptors present in the hypothalamus

modulate feeding (Wellman et al., 1993).

Noradrenergic neuronal terminals have been identified

throughout the LS (Lindvall and Stenevi, 1978; Risold and

Swanson, 1997; Antonopoulos et al., 2004), thus providing a

neuroanatomical substrate for a septal noradrenergic pathway.
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In a previous study, we reported cardiovascular responses

after NA microinjection into the LS, which were mediated by

a1-adrenoceptor activation (Scopinho et al., 2006). In this

study, we also saw increased food-procuring movements

after NA microinjection into the LS. This observation

corroborates a previous report by Talalaenko (1976) showing

increased intensity and number of conditioned food-

procuring movements after NA microinjection into the LS.

To clarify the role of the LS noradrenergic system

in feeding behaviour control, we studied the effects of

NA microinjected into the LS on the eating behaviour of

satiated rats. We also studied the possible involvement of

a1-adrenoceptors in the effects of NA and examined whether

endogenous NA in the LS could be involved in the control of

feeding behaviour in food-restricted rats.

Methods

Animal preparation

The institution’s animal ethics committee approved the

animal housing conditions and experimental procedures.

Male Wistar rats (n¼88) weighing 230–270 g were used.

Animals were kept in the Animal Care Unit of the Depart-

ment of Pharmacology, School of Medicine of Ribeirão Preto,

University of São Paulo. Rats were housed individually in

plastic cages under standard laboratory conditions, under a

12-h light-dark cycle (lights on from 0600 to 1800 h), with

free access to food and water (according to the experiment).

All experimental procedures were carried out during the

lights-on cycle.

Five days before the experiment, rats were anaesthetized

with tribromoethanol (250 mg kg�1 i.p.). After scalp anaes-

thesia with 2% lidocaine, the skull was exposed and stainless

steel guide cannulae (26 G) were stereotaxically implanted

unilateral or bilaterally into the LS. Coordinates for cannula

implantation into the LS bilaterally were AP¼ þ8.3 mm;

L¼ þ2.5 mm from the medial suture and V¼�4.4 mm from

the skull, with 221 lateral inclination. Coordinates for

cannula implantation into the LS unilaterally were AP¼
þ8.3 mm; L¼ þ0.5 mm from the medial suture and

V¼�4.4 mm from the skull and AP¼�1.5 mm (from

bregma), L¼ þ1.8 mm from the medial suture and

V¼�3 mm from the skull for cannula implantation into

the lateral ventricle (LV). The use of different coordinates for

bilateral or unilateral cannula implantation was necessary to

minimize tissue damage, by increasing the distance between

cannulae.

After surgery, the animals were treated with a polyanti-

biotic preparation of streptomycins and penicillins i.m.

(Pentabiotico, Fort Dodge, Brazil) to prevent infection and

with the non-steroidal anti-inflammatory flunixine

meglumine i.m. (Banamine; Schering Plough, Rio de Janeiro,

RJ, Brazil) for post-operative analgesia.

Drug injection

The drugs were dissolved in artificial CSF with the following

composition: 100 mM NaCl; 2 mM Na3PO4; 2.5 mM KCl;

1.0 mM MgCl2; 27 mM NaHCO3; and 2.5 mM CaCl2

(pH¼7.4). Needles (33 G, Small Parts, Miami Lakes, FL,

USA) that were used for microinjection into the LS were

1 mm longer than guide cannulae and were connected to a

2-mL syringe (7002H; Hamilton, USA) through PE-10 tubing.

Drugs were injected in a final volume of 100 nL over 15 s, and

the injection needle was left in place for 20 s before being

removed. When bilateral injections were made, the needle

was removed from the first cannula and inserted into the

second one for contralateral microinjection.

Experimental protocol

The first protocol was intended to determine the effect of NA

injection into the LS on food intake. On the day of the

experiment, rats were placed individually in plastic cages

(test cage) inside a soundproof room. The tests were initiated

after a 20-min period of adaptation. One group of animals

received 21 nmol of NA (Scopinho et al., 2006) or 100 nL

vehicle unilaterally into the LS. Another group of animals

were microinjected with 10 nmol of the a1-adrenoceptor

antagonist 2-(2,6-dimethoxyphenoxyethyl)aminomethyl-

1,4-benzodioxane hydrochloride (WB4101) (Scopinho

et al., 2006) or vehicle into the LS, 10 min before NA

injection. Immediately after these injections, a petri dish

with food pellets, previously weighed, was placed in the test

cage. The food intake test lasted 1 h, and the petri dish was

reweighed to calculate food intake. Food spillage on the cage

floor was considered and weighed. No water was available

during the trials.

In the second protocol, we tested the role of the local LS

noradrenergic system in food intake. One day before the test,

the animals were divided into two groups: animals that had

access to food (non-deprived) and 18 h food-restricted

(deprived) animals (Kittner et al., 2006). On the next day,

animals were tested after being submitted to the previously

described conditions of adaptation. The two groups of

animals were microinjected with 1, 10 or 20 nmol of

WB4101 or 100 nL of vehicle bilaterally into the LS,

immediately before the food-intake test, which lasted 1 h.

Histological procedure

At the end of the experiments, rats were anaesthetized with

urethane (1.25 g kg�1 i.p.), and 100 nL of 1% Evan’s blue dye

was unilaterally or bilaterally injected into the LS to mark

injection sites. The chest was surgically opened, the

descending aorta occluded, the right atrium severed and

the brain perfused with 10% formalin through the left

ventricle. The brain was post-fixed in 10% formalin for 24 h

at 4 1C, and 40-mm sections were cut using a cryostat

(CM-1900; Leica, Wetzlar, Germany). Serial brain sections

were stained with 1% neutral red and injection sites

determined using the rat brain atlas of Paxinos and Watson

(1997). Sections were stained with 0.5% cresyl violet for light

microscopy analysis. Placement of injection needles was

verified in serial sections.

Statistical analysis

Total food consumption was expressed as the mean±

s.e.mean of food intake during the eating test period. In
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the first experiment, data were analysed using one-way

ANOVA followed by Bonferroni’s post-test. In the second

experiment, data were analysed using two-way ANOVA with

condition (control or food-deprived group) as the indepen-

dent factor and treatment as the repeated measure. In case

of significant interaction, one-way ANOVA followed by

Dunnett’s post-test was performed separately on each condition

group. A difference with Po0.05 was considered significant.

Drugs

The following drugs were used: NA-HCl (Sigma, St Louis,

MO, USA), WB4101 (Tocris, Ellisville, MO, USA), urethane

(Sigma) and tribromoethanol (Aldrich, St Louis, MO, USA).

Results

A diagrammatic representation showing the injection sites of

all drugs and photomicrographs showing representative

unilateral and bilateral injection sites in the LS are presented

in Figure 1.

Effect of noradrenaline or vehicle microinjection into the LS on

food intake by satiated rats before and after local microinjection of

vehicle or the a1-adrenoceptor antagonist WB4101

Microinjections of 21 nmol of NA into the LS of satiated rats

evoked increased food intake as compared with vehicle

control rats (F3,16¼34, Po0.001, n¼5 each group; Figure 2).

Treatment with WB4101 had no effect on food intake when

compared with vehicle control rats (P40.05, n¼5). How-

ever, this drug reduced the food intake caused by NA

treatment (before WB4101¼5±0.4 g and after WB4101þ
NA¼1.7±0.5 g, Po0.001 n¼5 each group; Figure 2).

Microinjection of 21 nmol in 100 nL of NA into the LV had

no effect on food intake as compared with vehicle control

rats (0.4±0.2 vs 0.5±0.2 g, t¼0.19, P40.05, n¼5 each

group).

Effect of WB4101 or vehicle injection into the LS on food intake by

satiated or food-deprived rats

There were significant effects on condition (F1,40¼683,

Po0.001), treatment (F3,40¼39, Po0.001) and interaction

between the two factors (F3,40¼42, Po0.001) for total food

intake (n¼6 each group). Vehicle-treated, food-deprived rats

consumed more food than control non-deprived animals

(Figure 3). One-way ANOVA indicated a significant effect of

treatment on food-deprived animals (F3,20¼48, Po0.001).

Figure 1 Left—photomicrographs of a coronal brain section from a representative rat showing the unilateral and bilateral microinjection sites
in the lateral septal area (LS). Right—diagrammatic representations based on the rat brain atlas of Paxinos and Watson (1997) indicating
injection sites.

Figure 2 Effect of 21 nmol noradrenaline (NA) injected into the
lateral septal area after vehicle (vehþNA, n¼5) or 10 nmol of
WB4101 (WBþNA, n¼5) or 10nmol WB4101 after vehicle
(vehþWB, n¼5) on food intake (g) compared with control animals
(vehþ veh, n¼5). Columns represent means and bars the s.e.mean,
*Po0.01, compared with control group; #Po0.01, compared with
NA after vehicle, one-way ANOVA followed by Bonferroni’s post-tests.

Figure 3 Effects of bilateral microinjection of 100 nL of vehicle
(n¼6 in both groups) or 1, 10 or 20 nmol of WB4101 in 100 nL
(n¼6 in each groups) on food intake (g) by non-deprived or food-
deprived rats. Columns represent the means and bars the s.e.mean,
*Po0.001 and #Po0.01 (compared with vehicle-deprived group),
Bonferroni’s post-test.
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Microinjection of WB4101, either 10 or 20 nmol (Po0.001

and Po0.01, respectively), into the LS, but not of 1 nmol

WB4101 (P40.05, n¼6 each dose), reduced food intake by

food-deprived animals as compared with the respective

vehicle-treated group (Po0.01 and Po0.001; Figure 3).

Non-linear regression analysis indicated a significant corre-

lation between dose and reduction in food consumption

by deprived animals (r2¼0.85, d.f.¼14, Po0.01). In non-

deprived animals, no significant effect of treatment was

observed (F3,20¼0.7, P40.05; Figure 3).

Microinjection of 20 nmol of WB4101 into the LV had

no effect on food intake by food-deprived animals when

compared with vehicle-treated group (6.2±0.5 vs 6.9±0.4 g,

t¼1.3, P40.05, n¼5 each group).

Discussion

Central catecholaminergic neurotransmission is involved in

the control of food intake in many species. I.c.v. injections of

catecholamine were reported to increase food intake in

pigeons (Canello et al., 1993). In addition, it has been shown

that intrahypothalamic injections of adrenoceptor agonists

induce eating behaviour in satiated rats (Grossman, 1962;

Broekkamp and van Rossum, 1972).

In the present study, we found that NA administration

into the LS increases food intake in satiated rats. Rats with

septal lesions display hyperactivity and constant interrup-

tion of feeding caused by engagement in other activities that

are incompatible with eating (Flynn et al., 1986). In addition,

electrical stimulation of this region increased food intake

(Altman and Wishart, 1971). As part of the limbic system,

the LS relays signals related to sensory and reward properties

of feeding, and the large hippocampal input to the LS may

also be related to learning and memory of feeding (Urban,

1998). Several studies point to an interaction between the LS

area and the LH on control of feeding behaviour. Lesions of

the LS increase LH-stimulated feeding behaviour, whereas LS

stimulation inhibits LH-stimulated feeding (Oliveira et al.,

1990). A report showing that electrical stimulation of the LS

results in increased c-Fos immunoreactivity in the LH

suggests that these two regions are functionally connected

(Varoqueaux and Poulain, 1999). The LS may also influence

food intake by direct input projections to the LH because the

LS sends monosynaptic projections to the LH, a region that

has a well-established role in feeding behaviour (Swanson

and Cowan, 1979; Bernardis and Bellinger, 1996; Tavares

et al., 2005).

Noradrenaline has been reported to increase feeding

behaviour after its microinjection into other brain areas,

such as the ventromedial hypothalamus and the para-

ventricular nucleus (Grossman, 1962; Leibowitz, 1975).

Furthermore, NA increased food intake when injected into

the medial septum and decreased food intake when injected

into the LS of the domestic fowl (Denbow and Sheppard,

1993). This decrease in the food intake evoked by NA

microinjection into the LS reported by these authors may

be due to species differences.

The increased food intake observed after NA microinjec-

tion into the LS was significantly reduced by pretreatment

with the a1-adrenoceptor antagonist WB4101, suggesting

that these receptors in the LS are involved in eating

behaviour control. Pretreatment (i.c.v.) with phentolamine,

an a-adrenoceptor antagonist, but not with propranolol, a

b-adrenoceptor antagonist, abolished food intake induced by

i.c.v. injections of NA in pigeons (Ravazio and Paschoalini,

1991). Also, Ritter et al. (1975) reported that NA micro-

injection into a rat’s forebrain nuclei increased food intake,

an effect blocked by phentolamine. In other brain areas,

such as the paraventricular nucleus of the hypothalamus,

the activation of a1-adrenoceptors suppressed food intake

(Wellman et al., 1993), suggesting that NA plays different

roles in food intake behaviour in different brain areas.

Noradrenaline has been related to arousal and control of

feeding behaviour. Studies using push-pull cannulae have

shown NA release in the paraventricular nucleus during food

consumption (Martin and Myers, 1975; Paez et al., 1993).

The idea that central catecholaminergic neurotransmission

is involved in the control of food intake was suggested earlier

by the results of Evetts et al. (1971). These authors reported

that local administration of 6-hydroxydopamine into

the hypothalamus of non-satiated rats decreased food intake.

6-Hydroxydopamine has been reported to cause selective

and irreversible degeneration of catecholamine-containing

nerve terminals in the brain (Ungerstedt, 1968).

It has been shown that a dense catecholaminergic

innervation exists in the LS, characterized by terminals

containing dopamine b-hydroxylase (Lindvall and Stenevi,

1978). This innervation comes from the locus coeruleus.

This noradrenergic input is the main source of NA in the

LS (Risold and Swanson, 1997; Antonopoulos et al., 2004).

Thus, the present work also considered the role of

endogenous NA in the LS in the control of food intake. To

investigate this possibility, we injected an a-adrenoceptor

antagonist into the LS. The bilateral microinjection of the

a1-adrenoceptor antagonist WB4101 into the LS of non-

food-deprived rats did not change food intake. However, in

food-deprived rats, WB4101 evoked a dose-related reduction

in food intake when compared with the control group,

which received vehicle injected into the LS. This result

suggests that the noradrenergic system in the LS needs

to be activated and that endogenous NA, by acting on

a1-adrenoceptors, modulates food intake in food-deprived

rats. Thus, our data favour the idea of a physiological role for

NA in the LS in the control of eating behaviour.

We also observed that microinjection of the same dose and

volume of NA into the LV did not increase food intake by

satiated rats, suggesting that the effect of NA is due to

activation of adrenoceptors in the LS and not in adjacent

areas. Ravazio and Paschoalini (1991) reported that NA

microinjection into the LV of satiated rats increased food

intake. Perhaps this effect was due to the large volume (one

microlitre) that was injected into the LV by these authors.

Moreover, the microinjection of WB4101 (20 nmol per

100 nL) into the LV also did not affect food intake by food-

deprived animals, confirming that the LS is involved in the

control of food intake.

Although the hypothalamus should be the main structure

involved in the control of food intake, our results show that

the LS noradrenergic system also participates in this control.
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In addition, the release of endogenous NA in this area

decreases food intake in food-deprived rats, suggesting

that the LS noradrenergic system is important for eating

behaviour and food intake. Thus, our results provide evi-

dence that through the hippocampal-septum-hypothalamic

complex, the LS is involved in the control of food intake,

which supports the hypothesis of a neural circuitry that

governs eating through the noradrenergic system.
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