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BACKGROUND AND PURPOSE
Binge eating disorder (BED) is characterized by excessive food intake during short periods of time. Recent evidence suggests
that alterations in the endocannabinoid signalling could be involved in the pathophysiology of BED. In this study, we
investigated whether pharmacological manipulation of endocannabinoid transmission may be effective in modulating the
aberrant eating behaviour present in a validated rat model of BED.

EXPERIMENTAL APPROACH
Binge-type eating was induced in female rats by providing limited access to an optional source of dietary fat (margarine). Rats
were divided into three groups, all with ad libitum access to chow and water: control (C), with no access to margarine; low
restriction (LR), with 2 h margarine access 7 days a week; high restriction (HR), with 2 h margarine access 3 days a week.

KEY RESULTS
Compared with the LR group, the HR group consumed more margarine and this was accompanied by an increase in body
weight. The cannabinoid CB1/CB2 receptor agonist D9-tetrahydrocannabinol significantly increased margarine intake
selectively in LR rats, while the fatty acid amide hydrolase inhibitor URB597 showed no effect. The CB1 receptor inverse
agonist/antagonist rimonabant dose-dependently reduced margarine intake in HR rats. Notably, in HR rats, chronic treatment
with a low dose of rimonabant induced a selective long-lasting reduction in margarine intake that did not develop tolerance,
and a significant and persistent reduction in body weight.

CONCLUSIONS AND IMPLICATIONS
Chronic pharmacological blockade of CB1 receptors reduces binge eating behaviour in female rats and may prove effective in
treating BED, with an associated significant reduction in body weight.
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Abbreviations
AEA, anandamide; AM251, 1-(2, 4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-
carboxamide; BED, binge eating disorder; CB1 receptor, subtype 1 cannabinoid receptor; CB2 receptor, subtype 2
cannabinoid receptor; ECs, endocannabinoids (endogenous ligands); FAAH, enzyme fatty acid amide hydrolase; THC,
D9-tetrahydrocannabinol; URB597, cyclohexyl carbamic acid 3′-carbamoyl-3-yl ester

Introduction
The endocannabinoid system, which comprises two cannabi-
noid receptor subtypes CB1 and CB2, their endogenous
ligands (endocannabinoids, ECs) anandamide (AEA) and
2-arachidonoylglycerol, and corresponding biosynthesis and
degradation pathways, is a homeostatic system involved in
the regulation of several physiological functions, including
cognition, reward, emotion, pain sensitivity and motor activ-
ity (Ameri, 1999; Solinas et al., 2008; Zanettini et al., 2011).
There is a large body of evidence supporting the involvement
of the endocannabinoid system in the modulation of energy
balance by controlling food intake through central and
peripheral mechanisms (Di Marzo and Matias, 2005). Sys-
temic and local administrations of ECs and CB1 receptor
agonists increase food intake in both animals and humans
(Williams and Kirkham, 1999; Jamshidi and Taylor, 2001;
Hart et al., 2002), whereas levels of ECs change during fasting
and feeding in the rat hypothalamus and limbic brain areas
(Kirkham et al., 2002). These hyperphagic actions are medi-
ated by the CB1 receptor (Williams and Kirkham, 1999), as
they can be selectively blocked by CB1 receptor antagonists,
such as rimonabant and AM251 (Soria-Gòmez et al., 2007). In
keeping with this, rimonabant and AM251 reduce food
intake and feeding-associated behaviours in several rodent
models (McLaughlin et al., 2003). Rimonabant also induces a
significant decrease in food intake and body weight when
chronically administered to either normal or obese rodents
(Carai et al., 2006). Moreover, mice lacking the CB1 receptor
are lean and hypophagic (Wiley et al., 2005), indicating that
food intake and body weight gain depend upon the func-
tional expression and activity of CB1 receptors. Conversely,
an overactivity of the endocannabinoid system seems to be a
key component in the pathophysiology of obesity (Di Marzo
and Matias, 2005).

For these reasons, CB1 receptor blockade has long been
considered a potential pharmacological tool to restore the
normal endocannabinoid system tone under this pathological
condition (Harrold and Williams, 2003). Rimonabant was the
first selective CB1 receptor ligand to be used clinically and was
approved worldwide as a treatment for obese and overweight
individuals with metabolic complications (Scheen, 2008;
Despres et al., 2009). However, due to the occurrence of psy-
chiatric side effects after prolonged use (European Medicines
Agency, 2009), in 2009 rimonabant was withdrawn from the
European market, but still represents a reference drug in the
search for new therapies for obesity (Cervino et al., 2009).

There is also converging evidence indicating that defects
in the endocannabinoid system might be implicated not only
in obesity but also in other eating disorders (Marco et al.,
2011), such as binge eating disorder (BED). In the Diagnostic
and Statistical Manual of Mental Disorders (fourth edition,
text revision), BED is categorized as an ‘Eating Disorder Not
Otherwise Specified’, and only listed in the appendix (Ameri-

can Psychiatric Association, 2000). Experts define ‘binge
eating behaviour’ as an intermittent and uncontrollable con-
suming of an unusual amount of food (typically highly pal-
atable foods rich in calories and with a high fat content)
larger than that normally eaten by non-bingeing people in
comparable periods of time. Binge eating episodes are not
inevitably motivated by hunger or metabolic needs, and may
or may not be followed by regular use of inappropriate com-
pensatory behaviours, such as laxative use, vomiting, fasting,
excessive exercise training, to purge the body of excess calo-
ries (American Psychiatric Association, 2000). Like other
eating disorders, BED is more common in young people
(Neumark-Sztainer et al., 2002) with a lifetime prevalence of
1.9 and 0.3% for women and men in six European countries
(Preti et al., 2009) and of 3.5 and 2.0% for women and men in
the USA (Hudson et al., 2007).

BED is of public and clinical interest due to its association
with emotional distress and physic health problems (Johnson
et al., 2001) and with the risk of excessive weight gain and
obesity (Yanovski et al., 1993). Co-morbidity of obesity or
abnormal eating behaviours marked by binge eating (Hudson
et al., 2007; Grilo et al., 2009) and substance abuse disorders is
well known (Wiederman and Pryor, 1996; Davis and Claridge,
1998). Compelling parallelisms exist between compulsive
overeating and drug abuse, among which are the presence of
craving and the loss of the inhibitory control on food intake
and drug use. Interestingly, there is neuroanatomical and
neurochemical overlapping between food and drug craving,
with similar factors triggering relapse to overeating and drug
use. Indeed, if drug-taking behaviour can be re-instated in
abstinent rats and humans by a single exposure to the previ-
ously abused drug (Schmidt et al., 2005), a sustained inter-
mittent exposure to sugar solution induces patterns of food
intake and neurotransmitter changes comparable to those
observed in animal models of drug abuse (Kelley et al., 2005;
Avena et al., 2008). It is widely recognized that the endocan-
nabinoid system is greatly involved in food intake (Li et al.,
2011), drug addiction (Serrano and Parsons, 2011) and
relapse (Fattore et al., 2007).

Overweight and obese subjects show increased frequency
of the naturally occurring missense polymorphism of the
gene that encodes the AEA hydrolyzing enzyme fatty acid
amide hydrolase (FAAH), FAAH cDNA 385 A/A, which might
potentiate the drive to eat by increasing endocannabinoid
signalling (Sipe et al., 2005; Monteleone et al., 2008). On the
other hand, a polymorphism of the CNR1 gene (encoding the
human CB1 receptor) is thought to contribute to the vulner-
ability to anorexia nervosa (Siegfried et al., 2004). Moreover,
women with anorexia nervosa or BED have elevated plasma
levels of AEA (Monteleone et al., 2005), which could affect
the rewarding aspect of eating that is compromised in these
patients (Monteleone et al., 2008).

Although clinical studies indicate some improvement in
the pharmacological management of bingeing-related eating
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disorders (Marazziti et al., 2011), treatment options are quite
restricted and relapse incidences are still high. Limited
progress in the development of strategies for the treatment of
BED was mainly due to the fact that the neurobiological bases
for repeatedly engaging in binge-type behaviour are not fully
understood, and are not easy to study in humans. Examina-
tion of what is known about analogous behaviours in animals
would help to elucidate the core components of BED.

In humans, accumulating data suggest that different situ-
ations may trigger compulsive eating leading to binge behav-
iour, psychological distress and dysphoria (Polivy, 1996).
People typically binge on high palatable foods to which they
have limited access (Kales, 1990; Fisher and Birch, 1999), after
starvation and dietary restriction (American Psychiatric Asso-
ciation, 2000) or under stress (Oliver and Wardle, 1999).

Binge eating behaviour can be modelled in animal proto-
cols to investigate neurobiological substrates and pharmaco-
logical determinants of human bingeing disorders (Berner
et al., 2011). All animal models of BED available to date are
isomorphic, and as such they mimic the human symptoma-
tology by inducing similar behavioural states, that is, com-
pulsive overeating (Hancock and Olmstead, 2010).

Based on previous studies showing that CB1 receptor
blockade reduces feeding behaviour and the hedonic
response to food, probably through the modulation of the
mesolimbic dopaminergic pathway (Melis et al., 2007), this
study was undertaken to investigate whether the CB1 receptor
inverse agonist/antagonist rimonabant may be effective in
modifying the aberrant eating behaviour present in a
validated rat model of binge eating (Corwin et al., 1998).
The effects of the natural CB1/CB2 receptor agonist D9-
tetrahydrocannabinol (THC) were evaluated to compare the
effects of CB1 receptor activation with that of CB1 receptor
blockade. Furthermore, we tested the indirectly acting CB1

receptor synthetic agonist URB597 (a FAAH inhibitor)
because it possesses anti-craving properties (Scherma et al.,
2008b) and exerts anxiolytic-like and antidepressant-like
effects in rodents (Piomelli et al., 2006; Gaetani et al., 2008;
Scherma et al., 2008a) without evoking classical cannabinoid
agonist-like effects (e.g. catalepsy, hypothermia, hyper-
phagia). Because craving as well as anxiety or depressive-like
status may represent relevant behavioural traits related to
BED, it was important to verify whether binge eating behav-
iour was affected by URB597 pretreatment.

Several studies have evaluated the effect of chronic block-
ade of CB1 receptors on eating behaviour and have reported a
significant reduction in food consumption exclusively at the
beginning of the treatment, thus demonstrating a transient
reducing effect (Colombo et al., 1998; Carai et al., 2006;
Martín-García et al., 2010). Therefore, it was important to
verify in our experimental conditions whether rimonabant
was able to maintain its acute effect on binge eating behav-
iour over time or whether such an effect underwent tolerance
development.

Methods

Animals
Sprague–Dawley young adult female rats (Harlan Nossan,
Udine, Italy) weighing 185–200 g at the start of the study

(60–65 days old) were used. In our experiments, we used
young female rats because in humans BED is more frequent in
young females than in young males (Hudson et al., 2007).
Following arrival, animals were individually housed in a
climate-controlled animal room (21 � 2°C temperature; 60%
humidity) under a reversed 12 h light/dark cycle (lights on
24:00 h) with standard rat chow and water ad libitum. All
experiments were approved by the local Animal Care Com-
mittee and carried out in strict accordance with the E.C.
Regulations for Animal Use in Research (CEE No. 86/609). All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Diets
Standard rat chow (Safe, France): 3% kcal from fat, 61% kcal
from carbohydrate, 16% kcal from protein, 20% moisture,
containing 2.9 kcal·g-1. High-fat diet (Margarine, Gradina
Unilever Italia Mkt.): 70% kcal from fat, <1% kcal from car-
bohydrate, containing 6.5 kcal·g-1).

Experimental procedure
Our protocol is based on previous work showing that limiting
access to an optional source of dietary fat induces a binge-
type eating behaviour in rats that can be maintained for long
periods of time, even though animals are never deprived of
food (Corwin et al., 1998; Corwin and Buda-Levin, 2004;
Hancock and Olmstead, 2010). Animals were given access to
high-fat food during their low activity period, that is, close to
the time of switching lights off, as this does not interfere with
their normal circadian rhythm, as previously described by
Corwin and Wojnicki (2006).

As illustrated in Figure 1, following 1 week of acclimati-
zation rats were divided into three groups matched for body
weight, which correspond to the following diet conditions
(that were maintained for the entire period of the experimen-
tal study):

• Low restriction (LR): had continuous access to standard
chow and water. In addition, animals were given 2 h access
to a separate bowl of margarine introduced into the home
cage every day of the week, 3 h before the start of the dark
cycle (Corwin and Wojnicki, 2006).

• High restriction (HR): had continuous access to standard
chow and water. In addition, animals were given 2 h access
to a separate bowl of margarine introduced into the home
cage every Monday, Wednesday and Friday, 3 h before the
start of the dark cycle.

• Control (C): had continuous access to standard chow and
water. Margarine was not provided at any time of the study.

Margarine and/or standard chow were measured in all
diet groups on Mondays, Wednesdays and Fridays (MWF)
throughout the study by weighing them before and after the
2 h margarine access period (Figure 1). Before the start of the
experiments, both LR and HR groups were given overnight
access to a bowl of margarine to prevent neophobia.

Drug treatment commenced only once binge eating
behaviour was firmly established (induction phase: 3–4
weeks). In our experiments, we included only animals that, at
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the end of the induction phase, displayed an intake of mar-
garine within �25% variation of the mean intake. Two sepa-
rate batches of animals were used for acute and chronic
treatments.

Acute treatment. Animals from each diet group (C, LR and
HR, n = 24 per diet group) were randomly allocated into three
different groups according to the pharmacological treatment
assigned on the test day (Friday). Drug treatments (n = 8
per drug treatment group) were administered in a random
sequence at weekly intervals. In keeping with previous
studies (Koch JE, 2001; Fegley et al., 2005; Orio et al., 2009), a
1 week interval between each drug treatment proved to be
a sufficient washout period. Treatments were the following:
(i) vehicle, THC 0.125 and 0.250 mg·kg-1; (ii) vehicle, URB597
0.3 and 3 mg·kg-1; (iii) vehicle, rimonabant 0.3 and 3 mg·kg-1.
Drug injections were given i.p. 30 min before the margarine
access period, with the only exception of URB597, in which
pretreatment time was 40 min based on previous studies
(Solinas et al., 2006; Scherma et al., 2008a). In all diet groups,
margarine and/or chow were weighed before and after the 2 h
access period on the test day.

Chronic treatment. Animals from each diet group (n = 20)
were randomly assigned to two different groups, which
received either rimonabant 0.3 mg·kg-1 (n = 10) or vehicle i.p.
(n = 10). Drugs were administered once a day for 21 consecu-
tive days, 30 min before the margarine access period. In both
groups, margarine and/or chow were weighed on MWF before
and after the 2 h access period. Body weight was recorded
once a week on Fridays.

Materials
THC (RTI International, Research Triangle Park, NC, USA),
50 mg·mL-1 in ethanol, and rimonabant (National Institute

on Drug Abuse, NIH, Baltimore, MD, USA) were dissolved in
2% Tween 80, 2% ethanol, and saline. URB597 (Cayman
Chemical Company, Ann Arbor, MI, USA) was dissolved in
20% DMSO and saline. All drugs were injected i.p. in a
volume of 1 mL·kg-1.

Data analysis
Data from the induction of binge-type eating are expressed as
mean kcal of margarine, chow and margarine + chow (total
intake) (1-block week: MWF) � SEM during the 2 h access
period. Data were analysed by two-way ANOVA for repeated
measures with diet group and week as factors, and week as a
repeated factor.

Data from each acute treatment (margarine, chow and
total intake) are expressed as mean kcal � SEM during the 2 h
access period on the test day, and were analysed by two-way
ANOVA with diet group and treatment as factors. The effects of
treatment within each diet group were analysed by one-way
ANOVA as treatment between-subjects factor.

Data from chronic treatment (margarine, chow and total
intake) are expressed as mean kcal (1-block week: MWF) �

SEM during the 2 h access period, and were analysed by
three-way ANOVA with diet group, treatment and week as main
factors, and week as a repeated factor. Significant differences
within the diet group were further analysed by two-way
ANOVA with treatment and week as main factors and week as
a repeated factor.

Data from body weight during the induction phase of
binge eating are expressed as mean in g � SEM and were
analysed by two-way ANOVA with diet groups and week as
main factors and week as a repeated factor.

Data from body weight during chronic treatment were
analysed by three-way ANOVA with groups, treatment and
week as main factors and week as a repeated factor. Signifi-

Figure 1
Schematic representation of the experimental design.
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cant differences within diet groups were further analysed by
two-way ANOVA with treatment and week as main factors and
week as a repeated factor.

Post hoc comparisons, when appropriate, were performed
by Newman–Keuls multiple comparison test or by Bonferroni
test. In all cases, differences with a P < 0.05 were considered
significant. Student’s t-test was used when indicated and used
to compare two conditions.

Results

Experiment 1. Acute drug treatments
Induction of binge-type eating. Consistent with previous find-
ings (Corwin et al., 1998; Dimitriou et al., 2000), HR rats
invariably consumed more margarine than LR rats during the
2 h limited access (Figure 2A). Two-way ANOVA revealed a sig-
nificant effect of diet group [F(1,138) = 12.77, P = 0.0008] and
week [F(3,138) = 6.22, P = 0.0005], and a diet group ¥ week
significant interaction [F(3,138) = 3.78, P = 0.0121]. Post hoc
analysis showed that margarine consumption was signifi-
cantly greater in the HR than in the LR group by the third
week of the study (3rd week: P < 0.001; 4th week: P < 0.01).

Notably, chow consumption during the 2 h limited access
period was affected by the schedule of margarine availability
(Figure 2B), since two-way ANOVA revealed a significant effect
of diet group [F(2,207) = 11.80, P < 0.0001] and week
[F(3,207) = 7.46, P < 0.0001]. LR group consumed signifi-
cantly less chow than C group during the first 3 weeks of the
study [Student’s t-test: 1st week: t(46) = 2.814, P = 0.0072; 2nd
week: t(46) = 4.387, P < 0.0001; 3rd week: t(46) = 4.234, P =

0.0001], but not on the last (4th) week. Moreover, LR rats
consumed significantly less chow than HR rats on the second
week only [Student’s t-test: t(46) = 3.614, P = 0.0007], while a
significant difference between C and HR groups was found on
the third week [Student’s t-test: t(46) = 2.459, P = 0.0178].

When looking at the cumulative amount of margarine
and/or chow consumed by each diet group during the 2 h
limited access (Figure 2C), two-way ANOVA detected a main
effect of diet group [F(2,207) = 82.92, P < 0.0001] and week
[F(3,207) = 4.33, P = 0.0055] and a diet group ¥ week signifi-
cant interaction [F(6,207) = 3.81, P = 0.0013]. Post hoc analysis
showed that HR group displayed higher total intake during
the limited access than LR group by the second week of the
study (2nd week: P < 0.01; 3rd and 4th weeks: P < 0.001). In
both LR and HR groups, the total intake during the limited
access was significantly higher than that of C group (P <
0.001).

Effect of THC on binge-type eating. On the test day, margarine
consumption during the 2 h limited access period was
affected by treatment with THC (0.125 and 0.250 mg·kg-1)
(Figure 3A). Two-way ANOVA revealed a significant effect of
diet group [F(1,42) = 5.66, P = 0.0220] and treatment [F(2,42)
= 4.60, P = 0.0156]. Subsequent individual one-way ANOVA

showed that THC significantly increased margarine intake in
LR group [F(2,21) = 7.112, P = 0.0044]. Compared with
vehicle-treated rats, post hoc analysis revealed that both doses
of THC were effective in increasing margarine intake in LR
rats (+101% and +121%, respectively, P < 0.01). THC did not
affect margarine intake in the HR group [F(2,21) = 0.367,
P = 0.697].

Figure 2
Induction of binge-type eating. All data are presented as mean kcal (1-block week: MWF) � SEM during the limited (2 h) access. (A) Margarine
intake: HR group with limited access to margarine 3 days a week consumed more margarine than LR group with daily access to margarine (3rd
week: $P < 0.001; 4th week: #P < 0.01, Bonferroni post test). (B) Chow intake: LR group consumed less chow than C group (1st week: #P < 0.01;
2nd and 3rd weeks: $P < 0.001, Student’s t-test) and HR group (2nd week: $P < 0.001, Student’s t-test). HR group consumed less chow than C
group only during the third week (*P < 0.05, Student’s t-test). (C) Total intake: during the limited access HR group displayed higher total intake
than LR group (2nd week: #P < 0.01; 3rd and 4th weeks: $P < 0.001, Bonferroni post test). In the C group, the total intake during the limited access
was significantly less than that of both the LR and HR groups ($P < 0.001, Bonferroni post test).
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On the other hand, THC also affected chow consumption
during the 2 h limited access period, as two-way ANOVA

detected a significant effect of diet group [F(2,63) = 4.68,
P = 0.0128] and treatment [F(2,63) = 14.41, P < 0.0001]
(Figure 3B). Individual one-way ANOVA revealed that THC sig-
nificantly increased chow intake in all diet groups as com-
pared with vehicle-treated rats [C group: F(2,21) = 4.258, P =
0.028; LR group: F(2,21) = 4.772, P = 0.0196; HR group:
F(2,21) = 6.715, P = 0.0056, one-way ANOVA]. Post hoc analysis
revealed that both doses of THC were effective in increasing
chow intake by 73 and 65%, respectively, in C rats (P < 0.05),
and by 96 and 72%, respectively, in the HR group (P < 0.01
and P < 0.05). Conversely, only the highest dose of THC
(0.250 mg·kg-1) was effective in increasing chow intake in LR
rats by 102% (P < 0.05).

Finally, as shown in Figure 3C, THC affected the total
food intake during the 2 h limited access period (margarine +
chow for LR and HR groups, and only chow for the C group)
in both C [F(2,21) = 4.258, P = 0.028, one-way ANOVA] and LR
[F(2,21) = 18.89, P < 0.0001, one-way ANOVA] groups. Post hoc
analysis showed that both doses of THC were effective in
increasing total intake as compared with vehicle-treated rats
(P < 0.05 and P < 0.01 respectively).

Effect of URB597 on binge-type eating. On the test day, treat-
ment with URB597 (0.3 and 3 mg·kg-1) did not produce sig-
nificant changes on margarine intake during the 2 h limited
access (Figure 4A). Two-way ANOVA revealed a significant effect
of diet group [F(1,42) = 11.83, P = 0.00013], but not treatment
[F(2,42) = 0.15, P = 0.8628]. Although chow intake was
affected by URB597 treatment [F(2,63) = 4.46, P = 0.0155,
two-way ANOVA], one-way ANOVA within each group did not

show significant differences with respect to vehicle-treated
rats during the 2 h limited access period [C group: F(2,21) =
2.218, P = 0.1337; LR group: F(2,21) = 1.546, P = 0.2365; HR
group: F(2,21) = 1.629, P = 0.219, one-way ANOVA] (Figure 4B).

URB597 treatment did not modify the total food intake
during the 2 h limited access period (margarine + chow for
the LR and HR groups, only chow for the C group) either
(Figure 4C), as revealed by individual one-way ANOVA within
each diet group [C: F(2,21) = 2.218, P = 0.133; LR: F(2,21) =
2.173, P = 0.138; HR: F(2,21) = 0.145, P = 0.865].

Effect of rimonabant on binge-type eating. Treatment with
rimonabant (0.3 and 3 mg·kg-1) significantly affected marga-
rine intake in both LR and HR groups on the test day
(Figure 5A). Two-way ANOVA revealed a significant effect of
diet group [F(1,42) = 5.72, P = 0.0213] and treatment [F(2,42)
= 14.18, P < 0.0001]. Individual one-way ANOVA showed that
both doses of rimonabant tested were effective in reducing
margarine intake by 47 and 76%, respectively, as compared
with vehicle-treated rats in HR group [F(2,21) = 10.82, P =
0.0006, (P < 0.01 and P < 0.001, post hoc test)]. Notably, the
highest dose of rimonabant (3 mg·kg-1) also reduced (-41%)
the intake of margarine in LR group as compared with
vehicle-treated rats [F(2,21) = 3.709, P = 0.0418, (P < 0.05, post
hoc test), one-way ANOVA]. Treatment with rimonabant also
affected chow consumption during the 2 h limited access
period [two-way ANOVA, significant effect of diet group
(F(2,63) = 4.38, P = 0.0166) and treatment (F(2,63) = 28.89,
P < 0.0001)]. As shown in Figure 5B, rimonabant decreased
chow intake in all groups [C group: F(2,21) = 11.48, P =
0.0004; LR group: F(2,21) = 8.584, P = 0.0019; HR group:
F(2,21) = 9.679, P = 0.001, one-way ANOVA] at both doses

Figure 3
Effect of THC on binge-type eating. All data are presented as mean kcal � SEM during the limited (2 h) access on the test day. (A) Margarine intake:
THC doses of 0.125 and 0.250 mg·kg–1 increased margarine intake in the LR group (#P < 0.01 vs. Veh, Newman–Keuls multiple comparison test).
No effect was found in the HR group. (B) Chow intake: THC was effective in increasing chow intake in all groups (C group: *P < 0.05 vs. Veh; LR
group: *P < 0.05 vs. Veh; HR group: #P < 0.01 and *P < 0.05 vs. Veh, Newman–Keuls multiple comparison test). (C) Total intake: THC was effective
in increasing the total intake in both C and LR groups (*P < 0.05 vs. Veh, #P < 0.01 vs. Veh, Newman–Keuls multiple comparison test).
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tested as compared with vehicle-treated rats (C group: -73
and -83% with P < 0.001; LR group: -65 and -95% with P <
0.05 and P < 0.01 respectively; HR group: -64 and -83% with
P < 0.01, post hoc test).

Finally, rimonabant significantly decreased the total
intake of food during the 2 h limited access period (margarine

+ chow for the LR and HR groups, and only chow for the C
group) in all three diet groups as compared with vehicle-
treated rats [C group: F(2,21) = 11.48, P = 0.0004; LR group:
F(2,21) = 6.118, P = 0.0081; HR group: F(2,21) = 15.11, P <
0.0001, one-way ANOVA] (Figure 5C). Post hoc analysis revealed
a significant drug effect at both the 0.3 and 3 mg·kg-1 doses (C

Figure 4
Effect of URB597 on binge-type eating. All data are presented as mean kcal � SEM during the limited (2 h) access on the test day. (A) Margarine
intake: URB597 (0.3 and 3 mg·kg-1) did not alter margarine intake in both LR and HR groups as compared with vehicle-treated rats. (B) Chow
intake: no effect was found on chow intake in all experimental groups. (C) Total intake: URB597 treatment did not modify the total intake.

Figure 5
Effect of rimonabant on binge-type eating. All data are presented as mean kcal � SEM during the limited (2 h) access on the test day.
(A) Margarine intake: rimonabant doses of 0.3 and 3 mg·kg-1 decreased margarine intake in the HR group (#P < 0.01 and $P < 0.001 vs. Veh,
Newman–Keuls multiple comparison test). The higher dose of 3 mg·kg-1 was also found to be effective in the LR group (*P < 0.05 vs. Veh,
Newman–Keuls multiple comparison test). (B) Chow intake: both doses were effective in decreasing chow intake in all groups (C group: $P < 0.001
vs. Veh; LR group: *P < 0.05 and #P < 0.01 vs. Veh; HR group: #P < 0.01 vs. Veh, Newman–Keuls multiple comparison test). (C) Total intake:
rimonabant was effective in decreasing the total intake in all groups (C group: $P < 0.001 vs. Veh; LR group: *P < 0.05 and #P < 0.01 vs. Veh; HR
group: #P < 0.01 and $P < 0.001 vs. Veh, Newman–Keuls multiple comparison test).
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group: P < 0.001; LR group: P < 0.05 and P < 0.01 respectively;
HR group: P < 0.01 and P < 0.001 respectively).

Experiment 2. Chronic rimonabant treatment
Effect of chronic rimonabant on binge-type eating. The effects of
a chronic treatment (21 consecutive days) with rimonabant
or its vehicle on margarine and/or chow intake during the 2 h
limited access period were studied in a different set of animals
showing binge-type eating behaviour that was induced in a
similar manner to animals in Figure 2 (data not shown).
Figure 6A shows the effect of chronic rimonabant and vehicle
on margarine intake. Three-way ANOVA showed a significant
effect of diet group [F(1,36) = 71.630, P < 0.0001] and treat-
ment [F(1,36) = 71.630, P < 0.0001], but not week [F(2,36) =
0.7592, P = 0.4713], nor a significant interaction among these
three factors. Two-way ANOVA performed within each diet
group also revealed a significant effect of treatment [LR:
F(1,36) = 18.50, P = 0.0004; HR: F(1,36) = 21.75, P = 0.0002].
Both LR and HR groups treated with rimonabant consumed
significantly less margarine compared with vehicle-treated
rats during the 3 weeks of treatment [Student’s t-test: LR 1st
week: t(18) = 4.518, P = 0.0003; 2nd week: t(18) = 4.816, P =
0.0001; 3rd week: t(18) = 2.622, P = 0.0173; HR 1st week: t(18)
= 3.775, P = 0.0014; 2nd week: t(18) = 4.009, P = 0.0007; 3rd
week: t(18) = 3.256, P = 0.0044].

On the other hand, three-way ANOVA showed that chow
consumption was affected by treatment only [F(1,54) =
5.1504, P = 0.027], as no significant effect of diet group
[F(2,54) = 2.5399, P = 0.088] or week [F(2,54) = 1.613, P =
0.203] was found, nor a significant interaction among these
three factors (Figure 6B). Two-way ANOVA performed within
each diet group revealed a significant effect of treatment in
the C group only [F(1,36) = 11.66, P = 0.0031]: rimonabant-
treated animals consumed significantly less chow compared

with vehicle-treated rats during the first 2 weeks of the treat-
ment [Student’s t-test: 1st week: t(18) = 2.716, P = 0.0142; 2nd
week: t(18) = 3.369, P = 0.0034], but not on the last (3rd)
week.

Finally, as shown in Figure 6C, rimonabant also affected
the total intake (margarine + chow for the LR and HR groups,
and only chow for the C group) in all three diet groups;
two-way ANOVA performed within each diet group detected a
main effect of treatment [C: F(1,36) = 11.66, P = 0.0031; LR:
F(1,36) = 20.97, P = 0.0002; HR: F(1,36) = 9.78, P = 0.0058].
The total food intake in both LR and HR groups treated with
rimonabant was less than in vehicle-treated rats during all the
3 weeks of treatment [Student’s t-test: LR 1st week: t(18) =
5.224, P < 0.0001; 2nd week: t(18) = 4.897, P = 0.0001; 3rd
week: t(18) = 2.599, P = 0.0181; HR 1st week: t(18) = 2.826,
P = 0.0112; 2nd week: t(18) = 3.247, P = 0.0045; 3rd week:
t(18) = 2.748, P = 0.0132]. As mentioned above, rimonabant
affected the total intake of the C group only during the first
2 weeks of treatment.

Effect of chronic rimonabant on body weight. As shown in
Figure 7A, significant changes in the mean body weight were
detected during the induction phase. Two-way ANOVA

revealed a significant effect of diet group [F(2,171) = 4.13, P =
0.0212] and week [F(3,171) = 529.55, P < 0.0001], and a
significant diet group ¥ week interaction [F(6,171) = 4.13, P =
0.0007]. Post hoc analysis indicated that HR rats weighed
more than C rats by the third week of the study (3rd week:
P < 0.05; 4th week P < 0.01). No significant differences were
found between HR and LR rats, nor between C and LR rats.

The effects of chronic treatment with rimonabant or its
vehicle are shown in Figure 7B. Three-way ANOVA showed a
significant effect of diet group [F(2,54) = 4.72, P = 0.01294]
and treatment [F(1,54) = 5.15, P = 0.0276] and week [F(2,54)

Figure 6
Effect of chronic rimonabant on binge-type eating. All data are presented as group mean kcal (1-block week: MWF) � SEM during the limited (2 h)
access. (A) Margarine intake: rimonabant (0.3 mg·kg-1) decreased margarine intake in both LR (1st and 2nd weeks: $P < 0.001; 3rd: *P < 0.05,
Student’s t-test) and HR (1st and 3rd weeks: #P < 0.01; 2nd week: $P < 0.001, Student’s t-test) groups as compared with vehicle-treated rats.
(B) Chow intake: chronic treatment with rimonabant significantly decreased chow intake only in C group during the first 2 weeks as compared with
vehicle-treated rats (1st week: *P < 0.05; 2nd week: #P < 0.01, Student’s t-test). (C) Total intake: chronic rimonabant was effective in decreasing the
total intake in all groups as compared with vehicle-treated rats (C group: 1st week: *P < 0.05; 2nd week: #P < 0.01, Student’s t-test; LR group: 1st
and 2nd weeks: $P < 0.001; 3rd: *P < 0.05, Student’s t-test; HR group: 1st and 3rd weeks: *P < 0.05; 2nd week: #P < 0.01, Student’s t-test).
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= 51.38, P < 0.0001], but not a significant interaction among
these three factors. Two-way ANOVA performed within each
group detected a main effect of treatment in the HR group
only [F(1,36) = 5.58, P = 0.0296]. HR rats chronically treated
with rimonabant significantly decreased body weight as com-
pared with corresponding vehicle-treated rats [Student’s
t-test: 1st week: t(18) = 2.612, P = 0.0176; 2nd week: t(18) =
2.372, P = 0.0290; 3rd week: t(18) = 2.566, P = 0.0194].

Discussion

The aim of our study was to verify if the pharmacological
manipulation of the endocannabinoid system could be effec-
tive in the modulation of abnormal eating behaviour devel-
oped by female rats in a confirmed rat model of BED, in
which binge eating behaviour is induced in animals by giving
them a sporadic (3 days week-1) and limited (2 h) access to a
high-fat diet (margarine) in addition to a continuous access
to chow and water (HR group). In these animals, the intake
of margarine becomes significantly greater than those of
animals with limited daily access to margarine (LR group),
and remains stable over prolonged periods of time (Corwin
and Buda-Levin, 2004; Corwin and Wojnicki, 2006).

As in other animal models of BED, in our limited access
model binge eating was characterized by behavioural patterns
similar to those seen in humans, as rats consumed a large
quantity of food in a brief, defined period of time, and these
quantities exceeded the amount typically consumed by
control animals. Notably, our rats were never deprived of
food, which is similar to bingeing humans who eat in the
absence of hunger (Marcus and Kalarchian, 2003). Unfortu-
nately, human subjective feelings of distress or loss of control
found in some (Engel et al., 2007) but not in all bingeing

subjects (Wegner et al., 2002) cannot be assessed easily in
animals (Corwin and Buda-Levin, 2004). However, binge
eating animal models exploit the precursory circumstances
leading to binge eating in humans (e.g. dieting, exposure to
palatable foods and fluids, stress) (Corwin and Buda-Levin,
2004).

In this study, treatment with the natural CB1/CB2 receptor
agonist THC proved to be effective in increasing margarine
intake exclusively in the LR group, in line with the orexigenic
effects of THC in humans and rodents (Williams and Kirkham,
1999; Hart et al., 2002), and with the finding that our control
(C) animals, in which margarine was not provided at any
time, ate more standard chow after THC injection.

In LR rats, THC increased the total food intake with a
specific effect on palatable food (Koch, 2001), where it was
effective even at the lowest dose tested. However, THC did
not affect margarine consumption in HR animals, although it
significantly stimulated chow intake. We assume that the
consumption of margarine was already the highest achiev-
able in our bingeing animals (HR group), so that the CB1

receptor agonist was not able to increase it further, suggesting
the possibility of an enhanced endocannabinoid tone in HR
rats compared with the LR and C groups.

Treatment with URB597, which prevents intracellular
inactivation of AEA by FAAH inhibition and prolongs its
behavioural and neurochemical effects (Kathuria et al., 2003),
did not induce a significant increase in the amount of mar-
garine or for chow consumed, although we observed a posi-
tive trend. In contrast to our findings, Soria-Gòmez et al.
(2007) reported that local infusion of N-arachidonoyl-
serotonin (AA5-HT), another FAAH inhibitor (Bisogno et al.,
1998), into the nucleus accumbens shell markedly stimulated
the ingestion of standard chow. This effect was prevented by
AM251, suggesting the involvement of the CB1 receptor in

Figure 7
All data are presented as group means � SEM weekly change in body weight. (A) Induction of binge-type eating: HR group weighed more than
the C group (3rd week: *P < 0.05; 4th week: #P < 0.01, Bonferroni post test). Not significant differences were found between HR and LR groups,
nor between C and LR groups. (B) Effect of chronic rimonabant on body weight: HR rats chronically treated with rimonabant had a significantly
decreased body weight as compared with corresponding vehicle-treated rats (*P < 0.05, Student’s t-test). Chronic treatment with rimonabant did
not affect the body weight in either theC or LR groups when compared with corresponding vehicle-treated rats.
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the orexigenic responses to AA5-HT administration. The
FAAH inhibitor AA5-HT, infused in the parabrachial nucleus,
also increased the consumption of a palatable high-fat/
sucrose diet, an effect mediated by CB1 receptors (Dipatrizio
and Simansky, 2008). After injection of doses similar to those
used in this study (0.3 and 3 mg·kg-1), FAAH inhibition was
reported to be rapid (<15 min), persistent (>16 h) and corre-
lated with a threefold increase in brain AEA levels (Kathuria
et al., 2003; Fegley et al., 2005). The lack of response in our
animals could be ascribed to the different route of adminis-
tration used (i.p. rather than direct brain infusion), or to the
fact that URB597 is unnable to further enhance the pre-
existing endocannabinoid tone of our bingeing rats. Alterna-
tively, the finding that the FAAH inhibitor had no effect in
our bingeing animals can imply the involvement of other
neurotransmitter systems. It should be noted that FAAH inhi-
bition increases brain levels and magnifies and prolongs the
effects of the non-cannabinoid fatty acid ethanolamides ole-
oylethanolamide (OEA) and palmitoylethanolamide, which
are endogenous ligands for the PPARa (Fegley et al., 2005;
O’Sullivan, 2007). In contrast to AEA, OEA decreases food
intake and body weight gain in lean and obese rats and mice
through a CB1 receptor-independent mechanism (Fu et al.,
2003; Lo Verme et al., 2005).

In contrast, the inverse agonist/antagonist rimonabant,
when given acutely significantly and dose-dependently
decreased margarine intake in HR rats; yet, it only reduced
margarine intake in LR animals at high doses (3 mg·kg-1). In
line with this, Parylak et al. (2012) showed that administra-
tion of a different CB1 receptor antagonist, SR147778, dose-
dependently attenuated binge-like intake of a sweet-fat diet
in rats. In addition, both doses of rimonabant reduced con-
sumption of standard chow in all three diet groups.

The most intriguing outcome of our study comes from
the chronic treatment experiment with the low dose
(0.3 mg·kg-1) of rimonabant, which showed that rimonabant
preserves its selective reducing effect on fat food over time, as
demonstrated by the finding that both HR and LR rats treated
with the CB1 receptor inverse agonist/antagonist consumed
less margarine but their intake of standard chow was unal-
tered. At present, as reviewed by Berner et al. (2011), the
anorectic effect of CB1 receptor antagonists on palatable food
consumed in a binge-like manner is not completely eluci-
dated. Our results show for the first time that chronic treat-
ment with rimonabant in rats that consumed the high-fat diet
in a binge-type pattern resulted in a selective decrease in the
consumption of palatable food, an effect that was maintained
throughout the entire treatment period without the occur-
rence of tolerance, that instead develops towards standard
chow intake (Colombo et al., 1998; Carai et al., 2006; Martín-
García et al., 2010) or in other animal models of food intake
(Mathes et al., 2008). Indeed, chronic rimonabant reduced
food intake in the control rats with only access to standard
chow, showing the development of tolerance from the second
week of treatment. In line with this, preceding studies showed
that CB1 receptor antagonists decrease energy intake by selec-
tively reducing the consumption of palatable diets in normal
rats (Arnone et al., 1997; Simiand et al., 1998; Mathes et al.,
2008), and that the antagonistic effect might not be limited to
palatable food (McLaughlin et al., 2003; Foltin and Haney,
2007). In our study, chronic treatment with rimonabant also

reduced body weight in the HR group (which was increased at
the end of the induction phase), but not in the C and LR
groups. This finding is consistent with previous reports
showing that CB1 receptor antagonism preferentially reduces
the body weight of obese rats or rats with access to a sugar fat
whip dessert (Mathes et al., 2008; Martín-García et al., 2010).

Although the mechanism through which rimonabant
exerts its effects on binge-type eating behaviour is still to be
clarified, previous findings suggest that it may be effective in
suppressing the hedonic response to food rather than just
hunger (Cota et al., 2006). Several lines of evidence point to
the endocannabinoid system as an important constituent of
neuronal substrates involved in brain reinforcement/reward
processes implicated in both food consumption and the
homeostatic and hedonic regulation of eating (Di Marzo and
Matias, 2005). In keeping with this, CB1 receptors are
expressed particularly in brain areas (nucleus accumbens,
hippocampus and entopeduncular nucleus) that are either
directly involved in the hedonic aspects of eating or are
connected to reward-related brain areas (Herkenham et al.,
1990). Administration of ECs into the nucleus accumbens
exerts a potent CB1 receptor-selective hyperphagic action
(Kirkham et al., 2002; Soria-Gòmez et al., 2007) and enhances
sucrose hedonic impact with hotspot focus in the dorsal shell
part of the nucleus (Mahler et al., 2007). It is well recognized
that palatable food stimulates the mesocorticolimbic dopa-
mine system in a way similar to that of drugs of abuse, by
increasing dopamine release in the shell of the nucleus
accumbens (Martel and Fantino, 1996). Importantly, the
increase in dopamine induced by presentation of palatable
foods is blocked by administration of rimonabant (Melis
et al., 2007), which suggests that the hedonic response to
food might depend on the endocannabinoid system, prob-
ably through modulation of the mesocorticolimbic system. It
should be noted that the release of dopamine disappears with
repeated access to palatable food (Bassareo and Di Chiara,
1999), an effect not found when the subject is exposed to
drugs of abuse (Wise et al., 1995). On the other hand, it has
been demonstrated that animals that binge to a 10% sucrose
solution repeatedly release dopamine in the nucleus
accumbens shell each time they binge (Rada et al., 2005). The
same effect has been shown when animals binge high-fat
diets (Liang et al., 2006). In rats, prolonged binge-like intake
of sugar solution leads to increased D1 receptor binding in the
accumbens core and shell and decreased D2 receptor binding
in the dorsal striatum (Colantuoni et al., 2001). Also,
restricted feeding with scheduled sucrose access is associated
with increased dopamine membrane transporter protein
density in the nucleus accumbens and in the ventral tegmen-
tal area (Bello et al., 2003) in addition to an increased
dopamine turnover exclusively in the nucleus accumbens
(Hajnal and Norgren, 2002).

In our study, the effect of rimonabant on the bingeing
group could be related to its capacity to block dopamine
release in the nucleus accumbens shell that might be induced
by the consumption of margarine, and by a possible enhance-
ment in the tone of the endocannabinoid system. Chronic
exposure to high-fat palatable diet was found to decrease the
expression of CB1 receptors in the nucleus accumbens
(Harrold et al., 2002). Accordingly, Bello et al. (2012) reported
a reduction in CB1 receptor density in the same central area in
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an animal model of BED. The reduction in CB1 receptor
expression could be interpreted as the resulting effect of
increased EC levels that in turn could induce dopamine
release in this area (Bermudez-Silva et al., 2012). As mentioned
before, CB1 receptors are expressed in the nucleus accumbens
and are mainly located at the presynaptic level, and an impor-
tant functional consequence of their activation is the inhibi-
tion of the release of other neurotransmitters (Schlicker and
Kathmann, 2001). Activation of CB1 receptors on axon termi-
nals of glutamatergic neurons in the nucleus accumbens
would inhibit glutamate release, thus inhibiting the GABAer-
gic neurotransmission in the ventral tegmental area, conse-
quently disinhibiting VTA dopamine neurons (Melis et al.,
2004; Riegel and Lupica, 2004). Thus, it is possible that
rimonabant, by blocking the inhibitory effect of ECs, elicits
stimulation of GABA release, resulting in reduced firing activ-
ity of dopaminergic neurons and reduced release of dopamine
in terminal areas. On the other hand, clinical studies have
found elevated EC plasma levels in women with BED, and this
increase may drive the binge episodes and reinforce the
rewarding effects of palatable foods, promoting the cycle of
binge eating (Monteleone et al., 2005). However, our results
do not exclude the possibility that rimonabant can produce
its effect acting as an inverse agonist but also through one or
more CB1 receptor-independent mechanisms (Pertwee, 2010).

An overlap between compulsive overeating and drug
abuse has been established, including the occurrence of
craving and the loss of the inhibitory control over food intake
and drug use. Notably, the choice of using the low dose
(0.3 mg·kg-1) of rimonabant for chronic treatment was due to
the fact that the same dose is able to antagonize i.v. self-
administration of the CB1 receptor agonist WIN 55 212-2 as
well as the reinstatement of drug-seeking behaviour in absti-
nent rats (Fattore et al., 2001; 2005), including female rats
(Fattore et al., 2010).

In conclusion, our results provide the first evidence that a
chronic low dose of a CB1 receptor antagonist reduces fat
intake in female rats showing binge-type eating behaviour,
with a concomitant significant weight loss without develop-
ment of any tolerance. In this respect, our data suggest the
potential therapeutic utility of CB1 receptor antagonists in
the treatment of binge-like eating disorders. Further studies
are needed to characterize the exact mechanisms and brain
areas mediating such effects.
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