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Abstract

Presatiated adult male Lister hooded rats received oral administration of the exogenous cannabinoid Delta-9-tetrahydrocannabinol

(D9-THC; 1.0 mg/kg) in combination with subcutaneous injection of either the cannabinoid CB1 antagonist N-piperidino-5-(4-chlorophenyl)-

1-(2,4-dichlorophenyl)-4-methylpyrazole-3-carboxamide (SR141716; 0, 0.05, 0.1, 0.5 or 1.0 mg/kg), the CB2 antagonist N-[(1S)-endo-1,3, 3-

trimethyl bicyclo[2.2.1]heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide (SR144528; 0, 0.05, 0.1, 0.5

or 1.0 mg/kg), the general opioid antagonist naloxone (0.1, 0.5, 1.0 or 5.0 mg/kg) or the 5-HT agonist dexfenfluramine (0.05, 0.1, 0.5, 1.0 or

5.0 mg/kg). Food (chow) intake was measured over 2 h from the onset of the dark period. D9-THC induced significant hyperphagia, which

was attenuated by subanorectic doses of SR141716 and naloxone. Neither SR144528 nor dexfenfluramine affected D9-THC-induced feeding.

These data confirm mediation of D9-THC hyperphagia by central-type CB1 receptors, and support a functional relationship between

cannabinoid and opioid systems in relation to appetite regulation. Stimulation of CB1 receptors may promote feeding by actions on food

reward rather than by inhibition of serotonergic satiety mechanisms. D 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The past decade has seen the discoveries of cannabinoid

receptors within the central nervous system (Devane et al.,

1988; Matsuda et al., 1990) and their endogenous ligands,

the endocannabinoids arachidonoyl ethanolamide (ananda-

mide; Devane et al., 1992), 2-arachidonoyl glycerol (2-AG;

Mechoulam et al., 1995) and 2-arachidonyl glyceryl ether

(noladin; Hanus et al., 2001). Brain endocannabinoid sys-

tems have now been implicated in a number of physiological

processes and, increasingly, the neural regulation of beha-

viour. Evidence so far indicates that endocannabinoids act-

ing at the central type CB1 receptor may play an important

role in the regulation of appetite for food. In animal models,

the endogenous cannabinoids anandamide and 2-AG both

increase feeding (Williams and Kirkham, 1999; Hao et al.

2000; Kirkham and Williams, 2001b; Williams and Kirk-

ham, 2001), while CB1 cannabinoid receptor blockade has

been shown to suppress eating (Arnone et al., 1997;

Colombo et al., 1998; Simiand et al., 1998).

Stimulation of appetite is one of the most commonly

related effects of marijuana intoxication in humans (Abel,

1975), an effect that is ascribed to the effects of the

exogenous cannabinoid Delta-9-tetrahydrocannabinol (D9-

THC; Kirkham and Williams, 2001b). This hyperphagic

action of D9-THC is presumed to involve stimulation of

CB1 cannabinoid receptors, which are widely distributed

throughout the brain (Herkenham et al., 1991), rather than

CB2 receptors which are only expressed in peripheral

tissues (Munro et al., 1993; Galiègue et al., 1995). Some

of the psychological effects of D9-THC in humans have

been shown to be mediated by the CB1 receptor, being

blocked by administration of the selective antagonist,

N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-

methylpyrazole-3-carboxamide (SR141716) (Huestis et al.,

2001). However, to date, no thorough pharmacological

characterisation of D9-THC-hyperphagia has been con-

ducted. Given the renewed interest in the medicinal use of

marijuana-based therapies and the clinical application of
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D9-THC to improve appetite in patients with cancer cach-

exia or HIV-induced wasting (Plassé et al., 1991; Beal et al.,

1995), there is a clear need to explore the precise beha-

vioural and motivational adjustments induced by the drug,

together with their neurochemical underpinnings.

Various aspects of the behavioural pharmacology of D9-

THC have been well-described previously (e.g., Fride and

Mechoulam, 1993). However, the literature on D9-THC and

feeding in animal models is relatively sparse, limited largely

to rather inconclusive reports published in the 1970s (Kirk-

ham and Williams, 2001b). We have reported that in satiated

rats low doses of D9-THC will induce substantial, dose-

dependent hyperphagia (Williams et al., 1998). Interest-

ingly, this action of the drug appears to be enhanced when

animals are fed palatable, high fat diets (Koch, 2001).

Previously, Foltin et al. (1988) found that D9-THC admin-

istered in marijuana cigarettes preferentially increased the

consumption of palatable food items like candy bars,

cookies and cakes. Together with an apparently preferential

suppression of preferred, palatable ingesta in animals by the

CB1 antagonist SR141716 (Arnone et al., 1997; Simiand et

al., 1998), such data have led to the hypothesis that

cannabinoid receptor agonists may promote feeding by

amplifying the incentive or reward value of foods. Indeed,

cannabinoid involvement in general reward processes is

supported by a number of different studies showing, for

example, that SR141716 will reduce rats’ sensitivity to

rewarding electrical brain stimulation (Deroche-Gamonet

et al., 2001), and prevent the acquisition of drug- or food-

induced place preferences (Chaperon et al., 1998). Never-

theless, given the paucity of data, it is possible that

cannabinoid hyperphagia may involve effects on other

aspects of feeding regulation. For example, overconsump-

tion may result from an inhibition of one or other of the

chemical satiety signals that have been proposed to regulate

appetite (Clapham et al., 2001).

The present experiments were designed to extend the

pharmacological analysis of the hyperphagia produced by

D9-THC. By comparing the effects of antagonists with

selectivity for the predominantly central CB1 cannabinoid

receptor (SR141716; Rinaldi-Carmona et al., 1994) or

peripherally expressed CB2 receptors (N-[(1S)-endo-1,3,3-

trimethyl bicyclo[2.2.1]heptan-2-yl]-5-(4-chloro-3-methyl-

phenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide

(SR144528); Rinaldi-Carmona et al., 1998), we sought to

confirm specific cannabinoid receptor mediation of D9-

THC hyperphagia.

In addition, we examined the potential involvement of

reward systems in the feeding actions of D9-THC. A variety

of experiments have suggested strong links between canna-

binoids and endogenous opioid systems (Manzanares et al.,

1999). Opioids are, in turn, associated with reward pro-

cesses (Gardner and Vorel, 1998), including the pleasure

associated with eating (Cooper and Kirkham, 1993). Pre-

viously, we have shown synergistic effects on feeding of

combined blockade of CB1 and opioid receptors (Kirkham

and Williams, 2001a,b). Paired administration of low, sub-

anorectic doses of SR141716 and the general opioid recep-

tor antagonist naloxone produced marked anorexia, far

exceeding the sum of the weak independent suppressive

effects of either drug alone. Those data were interpreted as

evidence for an important functional relationship between

cannabinoids and opioids in relation to feeding. Here, we

assess the effects of naloxone on D9-THC hyperphagia, to

examine any opioid involvement in this action of the

exogenous agonist.

As already noted, hyperphagia may also result from the

inhibition of the normal process of satiation which limits

meal size, or by some action on the state of intermeal

satiety. If cannabinoid-induced hyperphagia involves such

interactions, we might expect that D9-THC-feeding could

be attenuated by manipulations which restore, or amplify,

the normal functioning of satiety regulators. Among the

various putative satiety signals proposed to regulate feed-

ing, a vast body of data has accumulated to implicate

serotonin (5-HT; Dourish, 1995). Just as cannabinoids have

been linked to alterations in the functioning of endogenous

opioids, activity at CB1 receptors has also been found to

affect serotonergic neurotransmission (Nakazi et al., 2000),

and anandamide may even exert some of its behavioural

effects at brain 5-HT receptors (Kimura et al., 1998). To

probe possible cannabinoid-serotonergic satiety interac-

tions, we also examined the effect on D9-THC-induced

eating of the potent anorectic compound dexfenfluramine,

an indirect 5-HT agonist.

2. Methods

2.1. Animals

Forty male Lister hooded rats (Charles River), � 400 g,

were housed individually under a reversed 12:12-h light–

dark cycle (lights off at 10:00 h). Rats had free access to

laboratory chow and tap water, except for 1-h food

withdrawal on test days. All testing was conducted during

the dark phase of the daily cycle. Animals were fully

habituated to handling, feeding and drug administration

procedures prior to the start of each experiment. The

studies were conducted in accordance with the specifica-

tions of the United Kingdom Animals (Scientific Proce-

dures) Act, 1986.

2.2. Drugs

In order to fully assess possible interactions between

cannabinoid-mediated processes and opioid and serotoner-

gic systems affecting feeding, a range of subanorectic

doses of SR141716, SR144528, naloxone and fenfluramine

were used (Kirkham and Williams, 2001a; Williams,

1999). A single dose of D9-THC (1 mg/kg) was chosen,

having been shown to be optimal for promoting acute
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hyperphagia in rats, while avoiding the appearance of

sedative or motoric side effects (Williams et al., 1998;

Koch, 2001). Oral administration was used as it has been

shown to be an effective and reliable route for the

induction of D9-THC hyperphagia (Brown et al., 1977;

Williams et al., 1998).

Fresh solutions of drugs were prepared on each test day,

15 min before administration. D9-THC (in ethanol solution;

Sigma) was dissolved in a palatable sesame seed oil vehicle

and administered orally from a 1-ml syringe, in a volume of

1 ml/kg (Brown et al., 1977). SR141716A (Sanofi-Synthe-

labo, Montpellier, France) and SR144528 (Sanofi-Synthe-

labo, Montpellier, France) were suspended in 10% DMSO

solution and administered subcutaneously, in a volume of

1 ml/kg. Naloxone hydrochloride (Sigma) and dexfenflur-

amine hydrochloride (Servier, Neuilly sur Seine, France) in

0.9% saline were administered subcutaneously in a volume

of 1 ml/kg.

2.3. Statistics

Food intake data for each measurement interval were

subjected to two-way ANOVA for repeated measures.

Individual treatments were compared by Newman–Keuls

test for multiple comparisons. All data were analysed

using Statistica.

2.3.1. Experiment 1: effects of SR141716 on

D9-THC hyperphagia

A prefeed design was adopted in order to induce low

baseline food intake and allow the expression of cannabi-

noid hyperphagia (Williams et al., 1998). At dark onset

(10:00), rats (n = 10) were presatiated by allowing 2 h access

to 30 g of a palatable wet mash diet, consisting of 200 ml

ground chow (Rat and Mouse Expanded Ground Diet;

Special Diet Services, Witham, England) plus 250 ml tap

water. At 12:00 h, all food was removed from cages and rats

received oral doses of either sesame oil vehicle or D9-THC

(1.0 mg/kg). Oral dosing was achieved by slowly dripping

the test solution into the buccal cavity from a standard 1-ml

syringe in a volume of 1 ml/kg, and allowing voluntary

ingestion by each rat. Prior habituation to this technique,

together with the palatability of the vehicle ensured that

each rat consumed all of the specified doses.

At 12:30 h, rats were injected subcutaneously (1 ml/kg)

with the specific CB1 receptor antagonist SR141716

(0, 0.05, 0.1, 0.5 or 1.0 mg/kg). Weighed food (chow)

was made available from 13:00 h and food intake (adjusted

for spillage) was subsequently measured after 1 and 2 h.

This test length was chosen as our previous studies have

shown D9-THC hyperphagia to be limited to 2 h under these

conditions (Williams et al., 1998).

All animals received all treatments, counterbalanced

according to a Latin square design, with at least 48 h

separating successive treatments.

2.3.2. Experiment 2: effects of SR144528 on

D9-THC hyperphagia

Using an identical procedure, a second group of 10

prefed rats were treated orally with D9-THC (1.0 mg/kg)

or vehicle at 12:00 h. At 12:30 h, rats were injected with the

selective CB2 receptor antagonist SR144528 (0, 0.05, 0.1,

0.5 or 1.0 mg/kg). Food was restored at 13:00 h and intake

was measured after 1 and 2 h.

2.3.3. Experiment 3: effects of naloxone on

D9-THC hyperphagia

Following the method outlined above, a third group of

rats (n = 10) were prefed and subsequently treated with

vehicle or D9-THC (1.0 mg/kg). At 12:30 h, rats were

injected with either vehicle or naloxone (0.1, 0.5, 1.0 or

5.0 mg/kg). Preweighed food was presented at 13:00 h and

subsequent food intake was measured after 1 and 2 h.

2.3.4. Experiment 4: effects of dexfenfluramine on

D9-THC hyperphagia

Using the above procedure, a further group of prefed rats

(n = 10) were treated orally with D9-THC (1.0 mg/kg) or

Fig. 1. Reversal of D9-THC hyperphagia in prefed rats by the selective CB1

antagonist SR141716. Solid bars represent effects of SR14716 alone; open

bars display results of combined administration of D9-THC and SR141716.

All values represent the mean ( ± S.E.M.) food intake of 10 rats after 1 and

2 h of free access to chow. yyy Significant increase in intake compared to the

vehicle–vehicle control ( P < .001). *P< .05, **P < .01, ***P < .001:

significant attenuation of D9-THC feeding by SR141716.
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vehicle at 12:00 h. At 12:30 h, rats were injected with either

vehicle or dexfenfluramine (0.05, 0.1, 0.5, 1.0 or 5.0 mg/kg).

At 13:00 h, preweighed chow was returned to the animals

and food intake was subsequently measured after 1 and 2 h.

3. Results

Prefeeding, combined with the presentation of plain

chow as the test diet, successfully produced low baseline

test intakes, allowing the expression of the potent hyper-

phagic action of D9-THC. In each experiment, D9-THC

produced at least a two-fold increase in total test intake,

although actual hyperphagia was confined to the first hour

of testing. Cannabinoid-induced overeating exhibited differ-

ential sensitivity to the coadministration of SR141716,

SR144528, naloxone and dexfenfluramine.

In Experiment 1, D9-THC significantly increased food

intake during the first hour of testing [F(1,9) = 133.16,

P < .0001]. This action was dose-dependently attenuated by

the CB1 antagonist SR141716 [F(4,36) = 10.52, P < .0001]:

0.05, 0.1, 0.5 and 1.0 mg/kg SR141716 suppressed agonist-

induced intake by 26%, 50%, 57% and 63%, respectively

(Fig. 1). Administration of the antagonist alone had no

reliable effect on intake during this period. During the

second hour, low baseline intakes were unaffected by the

agonist, and no effects of SR141716 alone were evident.

Consequently, total 2-h intake measures retained both the

significant elevation of intake by D9-THC [F(1,9) = 227.65,

P < .0001] and the dose-dependent attenuation of that hyper-

phagia by SR141716 [F(4,36) = 7.16, P < .001]. Although

there was a tendency for SR141716 to suppress intake across

the whole test when administered alone, this effect was not

significant. It is clear from the graph of total intake that the

lowest antagonist doses, which alone had no suppressant

action, reliably suppressed D9-THC hyperphagia. Moreover,

for the first hour, a significant interaction between the effects

of SR141716 alone or when combined with D9-THC

[F(4,36) = 11.23, P < .001] indicates that any hypophagic

effects of the antagonist are insufficient to account for the

observed attenuation of D9-THC hyperphagia.

In Experiment 2, D9-THC reliably increased total test

intake [F(1,9) = 58.95, P < .0001], again through a marked

hyperphagic action during hour 1 [F(1,9) = 66.08, P < .0001]

(Fig. 2). In contrast to SR141716, the selective CB2 anta-

gonist SR144528 had no effect on this agonist-induced

Fig. 2. Lack of effect of the CB2 antagonist SR144528 on D9-THC

hyperphagia. Solid bars represent effects of SR144528 alone; open bars

display results of combined administration of D9-THC and SR144528.
yySignificant increase in intake compared to the vehicle–vehicle control

( P < .001).

Fig. 3. Reversal of D9-THC hyperphagia in prefed rats by the general opioid

antagonist naloxone. Solid bars represent effects of naloxone alone; open

bars display results of combined administration of D9-THC and naloxone.
yyy Significant increase in intake compared to the vehicle–vehicle control

( P < .001). *P< .05, **P< .01, ***P < .001: significant attenuation of

D9-THC feeding by naloxone.
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feeding, and exerted no obvious behavioural effects on its

own [F(4,36) = 1.46, NS].

The results from Experiment 3 (Fig. 3) reveal that a

significant increase in first hour feeding by D9-THC

[F(1,9) = 120.07, P < .0001] was attenuated by the general

opioid receptor antagonist naloxone [ F(4,36) = 6.98,

P < .0001]. This latter effect was evident at all naloxone

doses, despite their failure to exhibit any reliable hypopha-

gic effects when administered alone. Naloxone treatment

reduced D9-THC-induced hyperphagia by 38%, 46%, 31%

and 58% for 0.1, 0.5, 1.0 and 5.0 mg/kg, respectively. The

lack of a marked naloxone dose–response is typical of the

anorectic actions of this drug in rats feeding the relatively

bland maintenance diet (Kirkham and Blundell, 1984).

Finally, in Experiment 4, the typical pattern of D9-THC-

induced feeding was again observed (Fig. 4), with the drug

inducing significant hyperphagia during the first hour

[F(1,9) = 221.77, P < .0001]. Over this same period, dexfen-

fluramine displayed a tendency to reduce intake when

administered alone, particularly at the highest dose

[F(5,45) = 3.17,P < .05]. However, even 5mg/kg dexfenflur-

amine failed to significantly attenuate D9-THC hyperphagia

[F(5,45) = 0.58, NS]. A similar profile was maintained across

the whole test, with 5 mg/kg dexfenfluramine alone signific-

antly suppressing total 2-h intake (P < .01), but not reliably

affecting cannabinoid-induced eating (P=.097).

4. Discussion

These experiments have confirmed previous reports of

the ability of peripherally administered D9-THC to promote

overconsumption in rats (Williams et al., 1998; Koch,

2001). Although D9-THC is an agonist at both CB1 and

CB2 receptors, the ability of SR141716, but not SR144528,

to reverse these effects indicates that D9-THC hyperphagia

is primarily mediated by the CB1 cannabinoid receptor.

Although CB1 receptors are expressed in a number of

peripheral tissues, they occur predominantly in the central

nervous system (Breivogel and Childers, 1998). By contrast,

CB2 receptors are not expressed in brain (Munro et al.,

1993). So while not precluding some peripheral action of

D9-THC, our data support a role for central, CB1-linked

cannabinoid systems in the control of eating, and are in

agreement with the widely accepted proposition that the

behavioural effects of exogenous cannabinoids derive from

actions on brain endocannabinoid systems (Ameri, 1999).

Previously, we have demonstrated that hyperphagia in-

duced by administration of the endogenous cannabinoid

anandamide is attenuated by SR141716 but not SR144528

(Williams and Kirkham, 1999). Taken together with reports

that acute and chronic CB1 blockade by SR141716 (albeit at

somewhat higher doses than those used here) will reliably

suppress food intake (Arnone et al., 1997; Colombo et al.,

1998; Simiand et al., 1998), our data suggest that blockade

of CB1 receptors interrupts important feeding-related, endo-

cannabinoid activity, and that D9-THC induces hyperphagia

by mimicking or facilitating that activity.

It should be noted that SR141716 did not completely

block D9-THC hyperphagia. This contrasts with the ability

of the antagonist to abolish the feeding induced by exoge-

nously administered anandamide (Williams and Kirkham,

1999). It is possible that D9-THC effects involve actions at

targets other than CB1 receptors, or as yet unidentified

subtypes of the CB1 receptor. Alternatively, the greater

resistance of D9-THC to CB1 antagonism may reflect the

persistent activity of the potent, centrally active metabolite

11-hydroxy-D9-THC (Abood and Martin, 1992).

Previously, we have hypothesized that the overconsump-

tion produced by cannabinoids in satiated animals may be

explicable in terms of either an increase in the palatability of

the test food, or an inhibition of intermeal satiety mecha-

nisms (Williams et al., 1998). These effects may, respect-

ively, be associated with altered activity in opioidergic

reward or serotonergic satiety systems.

Dexfenfluramine, acting as an indirect 5-HT agonist,

reliably suppresses food intake by facilitating serotonergic

processes involved in the satiation of eating and mainten-

ance of postprandial satiety (Grignaschi and Samanin,

Fig. 4. Lack of effect of the 5-HT agonist dexfenfluramine on D9-THC

hyperphagia. Solid bars represent effects of dexfenfluramine alone; open

bars display results of combined administration of D9-THC and dexfenflur-

amine. yyy Significant increase in intake compared to the vehicle–vehicle

control ( P < .001). x Significant intake suppression by dexfenfluramine

alone, compared to control ( P< .01).
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1992). The animals in our experiments were clearly satiated

by overconsumption of food presented during the pre-feed

stage: under control conditions, significant feeding was not

apparent until the third hour following the removal of the

prefeed (second hour of the intake test). Administration of

dexfenfluramine might be expected to reinforce such meal-

induced satiety. However, D9-THC produced equivalent

levels of hyperphagia when given alone or when combined

with even high, normally anorectic doses of dexfenflur-

amine. This implies that cannabinoid-induced overeating

does not involve inhibition of serotonergic satiety processes.

Of course, the lack of effect of dexfenfluramine on D9-

THC-feeding does not preclude some interaction between

endocannabinoid receptor stimulation and modulation of

nonserotonergic satiety signals. Indeed, recent reports that

elevated hypothalamic endocannabinoid levels in genetic-

ally obese rats and mice may be reduced by leptin

administration (Di Marzo et al., 2001) suggest that endo-

cannabinoids may be a crucial component of systems

regulating long-term energy balance and food intake. Thus,

interactions between the endocannabinoids and neurochem-

ical systems involved in satiation may still be possible and

deserve further investigation.

In contrast, the effects of the general opioid receptor

antagonist naloxone on D9-THC feeding provide rather

more straightforward support for some enhancement of food

reward in cannabinoid hyperphagia. In this study, even low

subanorectic naloxone doses were able to significantly

attenuate D9-THC-induced feeding. Opioid involvement in

food reward is now well established, with opioid receptor

agonists and antagonists respectively increasing or reducing

food intake in animal and human models. These effects are

most marked when palatable ingesta are consumed (Cooper

and Kirkham, 1993); in people, opioid receptor antagonists

are reported to diminish the pleasantness of normally

palatable foods (Drewnowski et al., 1995). The animals in

the present tests were eating bland lab chow and, as our

control data indicate, this food was relatively insensitive to

the anorectic effects of naloxone. It is tempting to suggest

that the enhanced anorectic potency of naloxone after D9-

THC treatment reflects an action of the cannabinoid to

increase the rewarding properties of the test food. Such an

action may be mediated directly by endocannabinoid sys-

tems, or indirectly via alterations to opioid function. A

number of studies have indicated that cannabinoids may

increase the synthesis and/or release of opioids (Corchero et

al., 1997, 1998, 1999; Manzanares et al., 1998, 1999).

Possibly, D9-THC stimulation of cannabinoid receptors

may promote activity in opioidergic reward pathways,

thereby increasing food palatability and contributing to the

elevated intake levels. Enhanced orosensory reward result-

ing from activation of opioid systems could then account for

the greater suppressive effects of naloxone after D9-THC.

An alternative, if less attractive, account could be that the

greater anorectic potency of naloxone in D9-THC treated

rats is merely an artifact of higher baseline intake levels.

However, we have shown previously that these same low

naloxone doses are ineffective in free-feeding, nonsatiated

rats eating equivalent amounts to the D9-THC treated rats in

Experiment 3 (Kirkham and Williams, 2001a).

There is in fact good evidence for significant convergent

interactions between cannabinoid and opioid systems in

relation to ingestive behaviour. For example, naloxone has

been shown to reverse the facilitatory effects of the canna-

binoid agonist CP-55,940 on the intake of palatable sol-

utions such as beer and sucrose (Gallate et al., 1999), and of

D9-THC on the feeding elicited by electrical stimulation of

the lateral hypothalamus (Trojniar and Wise, 1991). More-

over, we have recently reported that combined administra-

tion of low, normally subanorectic doses of SR141716 and

naloxone produces substantial, supra-additive intake sup-

pression (Kirkham and Williams, 2001a,b).

Such findings are in line with a number of reports which

indicate the existence of functional relationships between

cannabinoid and opioid systems. For example, Ledent et al.

(1999) reported that the reinforcing properties of opiates

were reduced in CB1 receptor knockout mice. Similarly,

Navarro et al. (2001) reported that SR141716 blocked

heroin self-administration in rats, and morphine-induced

place preference and morphine self-administration in mice.

Functional opioid–cannabinoid associations have also been

reported in relation to reward processes and the activity of

mesolimbic dopaminergic pathways (Spanagel and Weiss,

1999). Endogenous opioids modulate the activity of this

system by removing GABAergic inhibition of ventral teg-

mental dopamine neurons. Natural rewards, like food, cause

dopamine release from terminals of these neurons within the

nucleus accumbens, an effect which is mimicked by doses

of D9-THC that can induce hyperphagia (Gardner, 1992;

Tanda et al., 1997; Gardner and Vorel, 1998; Ameri, 1999).

Importantly, cannabinoid stimulation of accumbens dopa-

mine release is blocked by both the CB1 antagonist

SR141716 and the opioid receptor antagonist naloxonazine

(French, 1997; Tanda et al., 1997; Gessa et al., 1998).

To summarize, the exogenous cannabinoid D9-THC

reliably produced hyperphagia in satiated rats. This effect

appears to be largely mediated by central-type CB1 canna-

binoid receptors since it was attenuated by the selective CB1

antagonist SR141716, but not by SR144528, an antagonist

of peripheral CB2 receptors. Feeding induced by D9-THC

was insensitive to high, anorectic doses of the 5-HT agonist

dexfenfluramine, suggesting that cannabinoid hyperphagia

does not depend on inhibition of serotonergic satiety mech-

anisms for its expression. By contrast, the opioid receptor

antagonist naloxone effectively reversed D9-THC hyperpha-

gia, even at doses, which exerted no intake suppression when

administered alone. These data provide further evidence for

functional relationships between endogenous cannabinoid

and opioid systems in relation to motivational processes, and

suggest the involvement of endocannabinoids in the hedonic

evaluation of foods. Future research must therefore assess

the susceptibility of feeding induced by the endogenous
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cannabinoids to selective opioid receptor blockade, and

investigate how these cannabinoid–opioid interactions are

affected by modifications to food palatability. Overall, these

studies have extended the pharmacological characterisation

of the feeding effects of the exogenous cannabinoid D9-THC,

and strengthen support for a role of endocannabinoid sys-

tems in the physiological regulation of appetite.
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