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Previous research has demonstrated that concurrent systemic administration of CB; cannabinoid and mu-
opioid receptor agonists increases feeding in rats. However, the possible neural loci of this cooperative effect
have yet to be identified. These studies tested whether the nucleus accumbens shell may be one site of the
interactive effects of opioid and cannabinoid ligands on feeding. Injection of the mu-opioid agonist DAMGO
(at 0, 0.025, 0.25, or 2.5 ng/0.5 ul/side) directly into the rat nucleus accumbens shell increased feeding on a
sweetened-fat diet, and this effect was blocked by pretreatment with either the mu-opioid antagonist
naltrexone (20 pg/0.5 ul/side) or the CB; antagonist SR141716 (0.5 pug/0.5 nl/side). Activation of nucleus
accumbens shell CB; receptors with WIN55212-2 alone (at 0.1 or 0.5 ng/0.5 pl/side) had no apparent effect
on food intake. However, local injections of the low dose of DAMGO (.025 ng/0.5 pl/side) in this region along
with WIN55212-2 (at 0.25 or 0.50 pg/0.5 nl/side) increased feeding above that induced by DAMGO alone.
These data suggest an important modulatory role for cannabinoid receptors in the expression of feeding

behaviors in response to mu-opioid receptor activation of the nucleus accumbens shell.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Obesity is on the rise worldwide, and its occurrence is regularly
coupled with serious health complications, including cardiovascular
disease, Type Il diabetes, and cancer (Guh et al., 2009; James, 2008).
Recurrent over-consumption of highly palatable, energy dense foods
is believed to be a major contributor to the development of obesity
among susceptible individuals (Blundell and Gillett, 2001). Humans
and other animals tend to consume high calorie foods even in the
absence of any immediate homeostatic need, and current research
suggests that brain reward pathways promote feeding beyond the
point of satiation when palatable foods are freely available (Avena
et al., 2009; Berridge et al., 2009; Berthoud, 2004; Kelley et al., 2005).
As the modern milieu is saturated with such foods, researchers
interested in targeting diet-induced weight gain have devoted
considerable resources to developing a comprehensive understanding
of the physiological mechanisms that encourage excessive caloric
intake (Hetherington, 2007).

Although many hormonal and neurochemical signaling pathways
serve to coordinate consummatory behavior in response to energy
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need (Berthoud, 2004; Schwartz et al., 2000; Woods et al., 1998), less
is known about the pathways that underlie non-homeostatically
motivated feeding. Consumption of palatable foods is generally
believed to be rewarding even under sated conditions, and both the
opioid and cannabinoid systems have been implicated in reward-
driven feeding (Matias et al., 2008). In fact, emerging evidence
suggests that these systems may interact to synergistically influence
eating. For example, several laboratories have shown that systemic
co-administration of CB; cannabinoid and mu-opioid receptor
antagonists decreases feeding in the rat (Kirkham and Williams,
2001; Rowland et al., 2001; Tallett et al., 2008). Likewise, food intake
elicited by peripheral injections of a CB; agonist is blocked by
concomitant administration of a mu-opioid receptor antagonist
(Williams and Kirkham, 2002), while feeding induced by systemic
or hypothalamic morphine injection was attenuated by blocking CB;
receptors either systemically or at the level of the hypothalamus
(Verty et al., 2003). Furthermore, peripheral administration of the CB;
receptor antagonist SR141716 (Rimonabant®) reduced morphine-
induced Fos activation in several brain regions implicated in the
homeostatic and hedonic regulation of food intake, suggesting that
the joint impact of the cannabinoid and opioid systems may be
centrally mediated (Singh et al., 2005). However, the specific neural
loci of their combined effects on feeding have yet to be characterized.

The nucleus accumbens shell is widely regarded to be a
fundamental component of the distributed neural networks that
govern reward-driven consummatory behaviors (Kelley et al., 2005;
Smith et al., 2009). Both opioid and cannabinoid receptors in the
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nucleus accumbens appear to modulate feeding. Specifically, injec-
tions of mu-opioid receptor agonists directly into the rat nucleus
accumbens increase feeding on both pabulum and palatable foods
(Mucha and Iversen, 1986; Pecina and Berridge, 2000; Zhang et al.,
1998), while intra-accumbens mu-opioid receptor antagonism
decreases feeding (Bodnar et al., 1995). Furthermore, stimulation of
mu-opioid receptors in this region significantly increases the number
of positive, “liking” reactions exhibited by rats in response to intra-
oral sucrose administration, suggesting that activation of the nucleus
accumbens opioid system functionally increases the hedonic impact
of food (Pecina and Berridge, 2000). Evidence suggests that
endogenous cannabinoids also act in this region to modulate food
reward. For example, intra-accumbens activation of CB; receptors has
been shown to increase subsequent consumption of both insipid and
palatable substances (Kirkham et al., 2002; Mahler et al., 2007;
Shinohara et al., 2009; Soria-Gomez et al., 2007), while systemic
pretreatment with a CB; receptor antagonist abolishes this effect
(Kirkham et al., 2002). This cannabinoid-mediated increase in eating
may be achieved via augmentation of the perceived palatability of
consumed foodstuffs (Mahler et al., 2007). Furthermore, nucleus
accumbens CB; receptor density has been shown to be inversely
related to palatable food consumption, indicating that increased
ingestion of calorically dense foods may heighten activation of CB,
receptors in this region and lead to their downregulation (Harrold
et al.,, 2002). Taken as a whole, these studies substantiate the role of
nucleus accumbens cannabinoid and opioid systems in modulating
the rewarding impact of eating.

Although prior reports have identified a role for nucleus
accumbens opioid and cannabinoid systems individually on food
intake, it is not yet known how these neuromodulators may interact
within the ventral striatum to promote feeding. In these experiments,
we compared the effects of mu-opioid or CB; receptor activation
within the nucleus accumbens shell upon food consumption following
presentation of a sweetened-fat diet to rats maintained on ad libitum
access to rat chow. In separate groups of rats, we tested the effects of
antagonism of opioid or CB; receptors within the nucleus accumbens
on palatable food intake in response to subsequent mu-opioid or CB;-
receptor stimulation. Finally, we assessed the effect of co-stimulation
of both receptor types within the nucleus accumbens on food intake
upon presentation of the palatable sweetened-fat diet.

2. Methods
2.1. Subjects

Adult male Sprague-Dawley rats (Harlan, Madison, WI) were
acclimated to housing in a colony room maintained at 21 °Cwith a 12-
h light-dark cycle. To be consistent with prior reports examining the
effects of nucleus accumbens cannabinoid receptor manipulation on
food intake (e.g., Kirkham et al., 2002; Soria-Gomez et al., 2007), all
experiments were conducted at the beginning of the dark cycle, the
period during which rats naturally forage. Animals were dually
housed in clear plastic cages, and handled daily following arrival in
the laboratory in order to adapt them to experimenter contact.
Standard rat chow (Purina Protab RMH 3000) and water were
available ad libitum in home cages. All experiments were conducted
in accordance with NIH animal care guidelines and were approved by
the Wake Forest University Animal Care and Use Committee.

2.2. Surgery

Following one week of acclimation to the housing environment, rats
were anesthetized with a Ketamine-Xylazine cocktail (100 mg/kg—
10 mg/kg). Standard aseptic surgical procedures were used to implant
indwelling stainless steel guide cannula (23 gauge) bilaterally above the
nucleus accumbens shell (with the nose bar set at 5 mm above

interaural zero: 3.1 mm anterior and 1.0 mm lateral to bregma,
5.0 mm ventral to the skull surface). Guide cannulas were affixed to
the skull with screws and dental acrylic, and wire stylets were placed in
the cannula following surgery to prevent obstruction. Rats were allowed
7 days for recovery prior to behavioral testing; during this time, all
animals were handled regularly.

2.3. Apparatus

Food intake was monitored during daily 2-h feeding sessions in an
experimental feeding chamber. The chambers were constructed from
clear acrylic, with internal dimensions of 42 cm wide, 30.5 cm deep
and 33 cm tall. A water bottle was hung at one end of the chamber,
and a food intake monitor (Med Associates, St. Albans, VT) was filled
with a high-fat/high sucrose diet (see below) at the opposite end
(head entry at 6.4 cm above the wire floor). Infra-red (IR) eyebeams
were located along the floor at three locations (5 cm above the wire
floor) to measure locomotion; four additional IR beams were placed at
a height of 16 cm above the floor to index rearing behavior. IR beam
interruption (including at a sensor at the entry to the food intake
monitor) was continually recorded by Med-PC software (Med
Associates, St. Albans, VT) during feeding sessions. The weights of
the food monitors were recorded at 10-s intervals. A speaker
maintained an ambient level of white noise at 65dB in the
experimental room. In order to more closely approximate the animals'
natural foraging environment, lights were off throughout the feeding
sessions.

2.4. Feeding paradigm

Following one week of surgical recovery, ad libitum chow-fed rats
were allowed at least six days to habituate to the palatable diet during
daily 2-h sessions in the feeding chambers. The high-fat/high sucrose
diet contained 278.3 g/kg vitamin free casein, 100.0 g/kg sucrose,
4.2 g/kg pL-methionine, 441.2 g/kg shortening, 77.7 g/kg safflower oil,
26.3 g/kg cellulose, 53.3 g/kg mineral mix, 15.2 g/kg vitamin mix and
3.8 g/kg choline chloride (kilocaloric value of diet = 6.2 kcal/g; Teklad
Diets, Madison, WI, USA). Rats freely eat this diet when it is available,
and its intake is sensitive to nucleus accumbens injections of opiate
and cholinergic drugs (Will et al., 2006). On the final two days of
habituation, rats received mock intracranial injections to allow
acclimation to microinfusion procedures. On day one, mock injectors
were lowered flush to the end of the guide cannula; the second mock
injection utilized injectors that were lowered to the infusion site,
2.5 mm below the end of the guides. No solutions were delivered on
mock injection days. Experimental treatments began 48 h after the
last mock injection.

On experimental treatment days, food intake was monitored
following the injection of vehicle or drug solutions into the nucleus
accumbens shell. Injection cannulas (30 gauge) were lowered
bilaterally into the nucleus accumbens shell and 0.5 pl of solution
was delivered (at a rate of 0.32 pl per minute) by a Harvard Apparatus
(Holliston, MA) microinfusion pump. Injectors remained in place for
1 min to allow for diffusion, and rats were immediately placed in the
feeding chambers. For each experiment (outlined below), individual
animals received all drug treatments across multiple experimental
days, the order of which was randomly determined for each rat. All
drug treatment days were separated by a minimum of two drug-free
days, on which rats received neither injections nor access to the
sweetened-fat diet. For Experiments 3 and 4, the antagonist
pretreatment was immediately followed by a separate injection of
the agonist. Once the microinfusions were completed, rats were
placed immediately into the experimental feeding chambers for the
food intake trial.
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2.5. Drugs

p-Ala®, N-MePhe*, Gly-ol-enkephalin (DAMGO) and naltrexone
hydrochloride were purchased from Sigma-Aldrich; WIN55212-2 was
obtained from Tocris BioSciences. SR141716 was obtained from NIDA
Research Resources Drug Supply System, Rockville, MD. DAMGO and
naltrexone were dissolved in sterile saline; SR141716 and WIN55212-2
were dissolved in 75% and 50% dimethyl sulfoxide (DMSO) in sterile
saline, respectively. DAMGO, naltrexone, and SR141716 have reliably
been shown to alter feeding in rodents (e.g., Bodnar et al., 1995; Verty
et al, 2003; Will et al, 2006). WIN55212-2 was chosen for these
experiments based on its selective full agonist activity upon the CB,
receptor, its stability (relative to the endogenous ligands anandamide
and 2-AG), and its history of use in previous studies of reinforcement
(Maldonado et al, 2006; Solinas et al., 2008). All drug concentrations
(outlined below) were chosen based upon behaviorally effective
concentrations in previous reports (Nasehi et al., 2009; Soria-Gomez
et al,, 2007; Will et al., 2006; Zarrindast et al., 2007).

2.5.1. Experiments 1 and 2: nucleus accumbens mu-opioid or CB; receptor
stimulation on the intake of a sweetened-fat diet

The first two experiments directly compared the effects of mu-
opioid and CB; receptor stimulation on the intake of the same
sweetened-fat palatable diet. Following habituation to the diet, two
groups of rats were treated with intra-accumbens infusions of either
DAMGO (at 0.0, 0.025, 0.25, and 2.5 pg/side; Experiment 1) or
WIN55212-2 (at 0.0, 0.1, and 0.5 pg/side; Experiment 2) across multiple
treatment days.

2.5.2. Experiments 3 and 4: effect of opioid or CB; receptor antagonist
pretreatment on agonist-elicited feeding

The second set of experiments was designed to test the possible
effects of nucleus accumbens pretreatment with the opioid receptor
antagonist naltrexone or the CB, receptor antagonist SR141716 prior
to stimulation of either mu-opioid receptors with DAMGO or the
stimulation of CB; receptors with WIN55212-2. In Experiment 3, rats
(n=28) received intra-accumbens injections of saline vehicle or the
mu-opioid receptor antagonist naltrexone (at 20 pg/side, bilaterally),
followed by either vehicle, the CB; agonist WIN55212-2 (at 0.5 pg,
bilaterally), or the mu-opioid receptor agonist DAMGO (at 0.25 pg,
bilaterally). In Experiment 4, rats (n==6) received intra-accumbens
pretreatment with either vehicle or the CB; receptor antagonist
SR141716 (at 1.0 pg, bilaterally), followed by vehicle, the CB; receptor
agonist WIN55212-2 (at 0.5 pg, bilaterally), or the mu-opioid receptor
agonist DAMGO (at 0.25 pg, bilaterally). Following each treatment,
intake of the sweetened-fat diet was monitored for 2 h.

2.5.3. Experiment 5: the effect of simultaneous activation of nucleus
accumbens mu-opioid and CB; receptors on sweetened-fat diet intake

Experiment 5 examined the response to co-stimulation of mu-
opioid receptors and CB; receptors on sweetened-fat diet intake
relative to mu-opioid stimulation alone by combining the low dose of
DAMGO in a cocktail with either of two doses of WIN55212-2. Rats
(n=28) received four intra-accumbens injections of a 50% DMSO
vehicle solution, the mu-opioid receptor agonist DAMGO alone (at
0.025 pg, bilaterally), or a cocktail containing both DAMGO and one of
two concentrations of the CB; receptor agonist WIN55212-2 (at 0.25
or 0.5 pg/bilaterally). Food intake of the high-fat, high-sugar food was
measured for 2 h following the injection.

2.6. Data analysis

Dependent measures include the total amount of palatable food
eaten across the 2-h period, the number of approaches to the food
chamber, ambulation within the chamber (assessed as the number of
complete crossings of the chamber from end to end), number of rears

recorded, and total water intake during the feeding session. Total food
intake for Experiments 1, 2, and 5 was analyzed utilizing two-way
repeated measures analysis of variance (ANOVA) comparing food
intake across drug doses and across each 2-h session (with food intake
quantified at 5-min intervals). The SR141716 and naltrexone
pretreatment Experiments (3 and 4) were analyzed using three-
way, repeated measures factorial ANOVAs, comparing food intake
across time and at the levels of antagonist drug pretreatment and
agonist drug treatment. Total ambulation, rearing, water intake, and
head entry measures were analyzed using repeated measures
ANOVAs with drug dose as the independent variable (one-way or
two-way, as appropriate).

2.7. Histology

At the conclusion of each experiment, rats were deeply anesthe-
tized with sodium pentobarbital and perfused through the heart with
a 0.9% buffered NaCl solution, followed by 10.0% formalin. Brains were
removed and allowed to soak in 10.0% sucrose formalin. The brains
were then frozen and sliced into 60-um sections with a cryostat.
Sections were stained with cresyl violet. The location of tips of the
cannula was confirmed by light microscopy and charted with
reference to Paxinos and Watson (1998). Only those animals whose
injectors were bilaterally placed within the medial nucleus accum-
bens shell were included in the final behavioral analysis.

3. Results

3.1. Experiments 1 and 2: contrasting the effects of mu-opioid or CB;
receptor stimulation on the intake of a sweetened-fat diet

3.1.1. Experiment 1

Consistent with previous reports, stimulation of nucleus accumbens
mu-opioid receptors with DAMGO dose-dependently increased con-
sumption of the high-fat/sucrose diet. A repeated measures ANOVA on
the total amount of palatable food eaten across a 2-h session revealed a
significant effect of DAMGO treatment on food intake, F(3, 21) = 24.65,
p<0.001, as well as a significant interaction of drug x time, F(69, 483) =
6.06, p<0.001. As can be seen in Fig. 1, increasing doses of intra-
accumbens DAMGO resulted in higher food intake, largely by extending
the length of time spent feeding during the first hour. DAMGO also
increased the number of approaches to the food container across drug
conditions, F(3, 21)=8.12, p=0.001; Tukey's HSD post-hoc testing
verified a significant increase in approach behavior at the 2.5 pg/side
dose, but not at the lower doses. The increase in consummatory
behavior was directed at the sweetened fat diet, as water consumption
during the 2-h feeding session was not affected by mu-opioid receptor
stimulation, F(3, 21) =2.76, p=0.79 (see Fig. 1). Locomotor activity, as
assessed by the total number of complete crossings across the length of
the feeding chamber, also increased across drug doses, F(3, 21) =5.49,
p=20.006, although rearing behaviors were not significantly impacted
by drug condition, F(3,21)=1.54, p=0.23.

3.1.2. Experiment 2

Stimulation of nucleus accumbens CB; receptors with the potent
agonist WIN55212-2 did not alter intake of the sweetened-fat diet
used here, F(2, 18)=1.13, p=0.35, nor was there a significant
drugx time interaction on food intake, F(46, 414)=0.37, p=1.00
(see bottom panels of Fig. 1). The number of approaches to the food
chamber was unaffected by CB, receptor stimulation, F(2, 18) =1.87,
p=0.18. Additionally, there were no detected changes in locomotion
following drug treatment [ambulation: F(2, 18)=1.08, p=0.36;
rears: F(2, 18)=0.37, p=0.7], nor was water intake significantly
impacted by treatment with WIN55212-2 [F(2, 18) =2.09, p=0.88].
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Mu-opioid receptor stimulation with DAMGO (N = 8)
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Fig. 1. Effects of mu-opioid or CB; receptor stimulation on feeding and locomotion. Intra-accumbens injections of DAMGO (top panels), but not WIN55212-2 (bottom panels), dose-
dependently increased the intake of the sweetened-fat diet. Neither drug altered water intake or rearing behavior. Ambulatory activity (as measured by complete crossings of the
chamber) and the number of approaches to the food hopper increased with higher levels of mu-opioid receptor stimulation. **p<0.01 for drug effects; double crosses demark p<0.01
for the drug x time interaction effect. The right panels represent the placements of the injector tips for each animal for each experiment, adapted from The Rat Brain in Stereotaxic

Coordinates, 4th ed., G. Paxinos and C. Watson, Figs. 10, 11, and 13, copyright 1998.

3.2. Antagonizing either nucleus accumbens opioid or cannabinoid
receptors attenuates food intake elicited by mu-opioid receptor stimulation

3.2.1. Experiment 3

A three-way factorial repeated measures ANOVA, examining the
effects of both pretreatment (vehicle or naltrexone) and drug
treatment (vehicle, DAMGO, or WIN55212-2) on food intake across
time revealed significant effects of pretreatment [F(1,7)=21.92,
p=0.002] and drug treatment [F(2,14) = 19.1, p<0.001] on food intake,
as well as a pretreatment x drug treatment interaction [F(2,14) =4.51,
p=0.031]. Two-way interactions examining the effects of pretreatment
or drug treatment on food intake across time were also significant (both
p-values<0.001), and the three-way interaction of pretreatment x drug
treatmentx time did not achieve significance, F(46, 322)=1.22,
p=0.166. As can be seen in the top panels of Fig. 2, these effects are
explained by the prevention of DAMGO-elicited food intake
following pretreatment of the nucleus accumbens with naltrexone.
Naltrexone alone slightly decreased sweetened-fat diet intake
during the first 90 min of the session. As with Experiment 2,

infusions of WIN55212-2 into the accumbens had no observable
effect on food intake; thus, to simplify visual presentation of the
data, figures for both Experiments 3 and 4 have been limited to the
treatments that demonstrate the effects of naltrexone or SR141716
pretreatment on the DAMGO-driven feeding increase. Summary
intake and locomotor data for the WIN55212-2 treatment condi-
tions are provided in Table 1.

Ambulatory activity differed significantly across drug conditions. A
two-way factorial analysis of variance revealed a significant effect of
drug treatment (vehicle, DAMGO, WIN55212-2; F(2,14)=4.47,
p=0.032), but no significant effect of pretreatment (vehicle,
naltrexone; F(1,7) = 0.0, p=0.995) nor was there a pretreatment x -
treatment interaction, F(2,14) =1.17, p=0.338. As shown in Fig. 2,
DAMGO treatment increased ambulation relative to vehicle infusion
(and WIN55212-2 treatment, although data are not shown); this
effect was not attenuated by naltrexone pretreatment. Neither water
intake, approaches to the food hopper, nor rearing behavior was
significantly affected by any of the drug treatments (all main effects
and all interaction p-values>0.10).
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Naltrexone pretreatment prior to DAMGO infusion (N = 8)
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Fig. 2. Feeding elicited by mu-opioid receptor stimulation of the nucleus accumbens is attenuated by pretreatments of either the opioid receptor antagonist naltrexone or the CB,
receptor antagonist SR141716. Naltrexone reduced feeding early in the session when given alone, and completely attenuated the impact of DAMGO on the intake of the palatable diet.
SR141716 pretreatment delayed and attenuated the food intake elicited by nucleus accumbens mu-opioid receptor stimulation. *p<0.05, **p<0.01 for drug effects; double crosses
demark a significance of p<0.01 for at least one secondary or tertiary interaction effect. The right panels represent the placements of the injector tips for each animal for each experiment.

3.2.2. Experiment 4

Consistent with Experiments 1 and 3, mu-opioid receptor
stimulation with 0.25 pg DAMGO substantially increased feeding on
the sweetened-fat diet; this effect on food consumption was delayed
and attenuated by pretreatment of the nucleus accumbens with the
CB; antagonist SR141716 (0.5 ng/side; see Fig. 2, bottom panels).
SR141716, when administered alone into the nucleus accumbens, did
not substantially reduce feeding on the high-fat/sucrose diet. A three-
way factorial repeated measures ANOVA, examining the effects of
both pretreatment (vehicle or SR141716) and drug treatment
(vehicle, DAMGO, or WIN55212-2) on food intake across time
revealed significant effects of pretreatment [F(1, 5)=39.47,
p=0.002] and drug treatment on food intake [F(2, 10)=19.44,
p=0.005], as well as significant secondary and tertiary interactions
[all secondary interactions, p<0.01; pretreatment x treatment x time
interaction: F(46, 230) =1.49, p=0.032]. Infusions of WIN55212-2
had no overall effect on food intake (see summary data in Table 1).

As in the prior experiments, DAMGO treatment tended to increase
ambulation, although for this experiment the effect was not

significant F(5, 25)=1.92, p=0.127. Approaches to the food
chamber were similar across conditions, and neither rearing nor
water intake was significantly affected by the pretreatment or drug
treatment conditions (all main effects and all interaction p-
values>0.10; see Fig. 2).

3.3. Experiment 5: co-stimulation of nucleus accumbens CB; receptors with
mu-opioid receptor stimulation augments intake of the sweetened-fat diet

Because blocking CB; receptors with SR141716 in Experiment 4
attenuated the impact of nucleus accumbens mu-opioid receptor
stimulation on intake of the sweetened-fat diet, it was of interest to
determine if CB; receptor stimulation might augment the food intake
elicited by DAMGO infusion. Therefore, we injected either vehicle, the
lowest effective dose of DAMGO (0.025 pg/side) or the low dose of
DAMGO in a cocktail with one of two doses of WIN55212-2 (0.25 or
0.5 pg/side) into the nucleus accumbens prior to each 2-h feeding
session (see Fig. 3). A repeated measures ANOVA on the total amount
of palatable food eaten across a 2-h session revealed a significant
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Table 1
Summary data for WIN55212-2 infusions in Experiments 2 and 3.
30 min intake 60 min intake 90 min intake 120 intake Ambulation Rearing Approaches

Experiment 2
Veh-Veh 398+0.63¢g 461+058¢g 5484+059¢ 594+0.69¢g 76.8+9.5 81.3+11.7 69.5+14.8
Veh-WIN 5494+0.75¢g 5.784+0.68¢g 6.45+0.56¢g 6.65+0.51g 59.9+5.1 103.54+13.0 69.9+17.9
Nalt-WIN 3.50+£0.89¢g 4.13+085¢g 452+085¢g 483+077¢g 62.6+8.5 89.04+16.9 40.6 £5.35
Experiment 3
Veh-Veh 487+0.68¢g 6.18+0.82g 6.88+0.89g 7.54+097¢g 101.54+104 171.34+13.2 70.34+14.0
Veh-WIN 5774+094¢g 6.89+1.01¢g 7194094 ¢ 7574+1.05g 106.34+21.2 191.84+27.8 77.84+20.4
SR-WIN 586+1.03¢g 6.60+0.98 g 714+111¢g 7324+1.10g 116.84+25.7 146.84+19.2 72.7+134

Note. Values shown are means plus or minus standard error of the means for food intake and locomotor measures following injections of vehicle solutions or WIN55212-2 (alone or
with pretreatment) in Experiments 2 and 3. As in Experiment 1, neither food intake nor locomotion was affected by treatments including WIN55212-2 infusions.

effect of drug treatment on food intake, F(3, 18) = 5.956, p =0.005, and
a significant interaction effect of drugxtime, F(69, 414)=3.287,
p<0.001. As can be seen in Fig. 3, DAMGO alone increased food intake
relative to the vehicle infusion, and combination treatments of DAMGO
and WIN55212-2 increased the intake by approximately 50% above that
of mu-opioid receptor stimulation alone. To verify this effect, one-way
ANOVAs were run on total food intake across all drug treatments at the
60 min and 120 time points. Both of these analyses yielded significant
results [60 min: F(3,15)=9.46, p=0.001; 120 min: F(3,15)=7.69,
p=0.002], and were then followed up with Fisher LSDs testing for an
increase in food intake only with the combination DAMGO/WIN55212-
2 treatments versus the effects of DAMGO alone. At both time points, the
DAMGO combined with the 0.25 pg dose of WIN55212-2 significantly
increased feeding compared to DAMGO alone (p-values<0.05),
although the feeding increase following the 0.5 pg dose of WIN55212-
2 combined with DAMGO did not obtain significance (p-values>0.10).
Neither the low dose of DAMGO alone, nor the combination DAMGO/
WIN55212-2 injections, significantly altered the number of approaches
to the food hopper [F(3,18) =0.870, p=0.475], ambulation [F(3, 18) =
1.811,p=0.181],rearing behavior [F(3,18) = 0.853, p = 0.483] or water
intake [F(3, 18) =1.521, p=0.734].

4. Discussion
These experiments are the first to directly compare the feeding

responses elicited by nucleus accumbens shell stimulation of mu-
opioid or CB; receptors in the same feeding paradigm and on the same

sweetened-fat diet. Consistent with previous reports, intra-accum-
bens administration of the potent mu-opioid receptor agonist DAMGO
significantly increased palatable food intake, whereas the blockade of
opioid receptors with naltrexone decreased feeding on the sweet-
ened-fat diet (Bodnar et al., 1995; Levine and Billington, 2004; Pecina
and Berridge, 2000; Zhang et al., 1998). Administration of the CB;
receptor agonist WIN55212-2, at the doses used here, had no
apparent effect on palatable food intake in rats maintained on ad
libitum chow. Interestingly, DAMGO-induced feeding was blocked not
only by local pretreatment with the opioid receptor antagonist
naltrexone, but also by pre-administration of the CB; receptor
antagonist SR141716. This suggests that the behavioral effects of
nucleus accumbens mu-opioid receptor stimulation may require
simultaneous activation of CB; receptors. Additionally, co-activation
of both receptor systems increased intake of the sweetened-fat diet
relative to a low dose of DAMGO given alone. In no case was there an
enhancement of water intake following drug treatments, suggesting
that the observed behavioral effects were specific to food-directed
behavior. These results are consistent with previous research
demonstrating that systemically co-administered cannabinoid and
opioid agents interact to modify feeding on both pabulum and
palatable foods (Kirkham and Williams, 2001; Rowland et al., 2001;
Tallett et al., 2008; Williams and Kirkham, 2002), and suggest that the
nucleus accumbens shell may be one site where these two receptor
systems cooperatively augment ingestive behavior.

Notably, however, neither SR141716 nor the CB; agonist
WIN55212-2 had any apparent effect on the intake of a sweetened-

Co-administration of DAMGO and WIN 55,212-2 on feeding and locomotion.
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Fig. 3. Effects of co-stimulation of mu-opioid and CB; receptors on sweetened-fat diet intake. Nucleus accumbens infusions of the low dose of DAMGO (0.25 pg/side) increased food
intake above baseline levels; this effect was enhanced by co-injections of WIN55212-2 (see text for details). There were no significant effects of drug treatment on water intake,
approaches to the food hopper, or locomotor activity. *p<0.05 for drug effects. The single cross denotes a significance of p<0.05 for the drug x time interaction effect. The right panels

represent the placements of the injector tips for each animal.
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fat diet when administered apart from opioid agents. That SR141716
administration did not affect feeding is consistent with a prior report
by Solinas et al. (2003) in which nucleus accumbens CB; antagonism
with AM251 caused no change in food intake when administered
alone. However, although intra-cerebral ventricular administration of
CB; ligands have failed to alter food-reinforced behaviors in rats
(Gomez et al., 2002; Sink et al., 2009), the current finding that the
potent, efficacious agonist WIN55212-2 was unable to elicit a
sweetened-fat feeding response in the absence of mu-opioid receptor
stimulation is at odds with other reports in the literature that have
shown increased hedonic reactions to food and food intake following
stimulation of cannabinoid receptors within the nucleus accumbens.
Specifically, Kirkham et al. (2002) demonstrated a hyperphagic
response to intra-accumbens 2-arachidonoylglycerol (2-AG), which
was reversible by SR141716. Similarly, Mahler et al. (2007) found that
anandamide injected into discrete regions within the dorsal medial
shell increased the number of hedonic “liking” responses to oral
sucrose, and increased the fraction of time spent eating during a 1-
h trial exposure to rat chow (see also Soria-Gomez et al., 2007). To our
knowledge, the present report is the first study to examine nucleus
accumbens cannabinoid receptor activation on intake of a sweetened
high-fat diet in animals maintained on free access to rat chow. It may
be that the differing results seen between this and other reports are
due to methodological differences involving food quality, hedonic
value, or caloric density differences in diet. Prior investigations have
also utilized the efficacious but transiently active 2-AG, or else the
partial CB; receptor agonists anandamide or THC, rather than full
agonist WIN55212-2 utilized here. Nonetheless, based on the present
results, we theorize that an important functional role of the
endocannabinoid system may be to augment reward-driven feeding
via modulation of striatal mu-opioid signaling pathways.

Although recent neuroanatomical studies strongly suggest the
possibility of functional interactions between CB; and mu-opioid
receptors at the level of the nucleus accumbens circuitry, it is not yet
clear how the two receptor systems may interact to impact behavior.
CB; and mu-opioid receptors are co-localized on axons and dendrites
within the nucleus accumbens, and exhibit trans-synaptic interac-
tions upon nucleus accumbens shell GABAergic neurons (Manzoni
and Bockaert, 2001; Pickel et al., 2004; Rodriguez et al., 2001). Prior
experiments have shown that inhibition of the nucleus accumbens
shell initiates voracious feeding (Stratford and Kelley, 1997). Whole
cell recordings from medium spiny neurons in slice preparations of
the nucleus accumbens shell suggest that glutamate inputs are
inhibited by activation of either mu-opioid receptors or CB; receptors
(with DAMGO or WIN55212-2, respectively). The reduction of
glutamate tone following mu-opioid/CB; receptor activation is likely
to reduce activity of nucleus accumbens shell GABAergic projection
neurons. It is possible, therefore, that the observed synergistic effect of
mu-opioid and CB; receptor stimulation on food intake may result
from increased inhibition of nucleus accumbens output, which would
increase consumption by disinhibiting ventral pallidal-hypothalamic
feeding pathways. However, it should be noted that CB; receptor
activation has also been shown to inhibit GABAergic signaling within
striatal tissue, an effect not seen following mu-opioid receptor
stimulation (Hoffman and Lupica, 2001). Furthermore, in a recent
electrophysiological study examining the decreased reactivity in both
striatal glutamatergic and GABAergic post-synaptic potentials follow-
ing CB; receptor stimulation, chronic treatment with WIN55212-2
caused tolerance not only to the WIN55212-2, but also reduced the
response to the mu-opioid receptor agonist Tyr-D-Ala2, N-CH3-Phe4,
Gly-ol-enkephalin (Hoffman et al., 2003), suggesting that a functional
CB, receptor is required for mu-opioid receptor response. If this can be
extrapolated to the current study, such an interaction would be
consistent with the behavioral finding that CB; receptor blockade
delayed and muted the feeding effect following mu-opioid receptor
stimulation with DAMGO.

At the level of the single cell, electron microscopic investigations
have shown that CB; and mu-opioid receptors are co-expressed on
dendritic spines of GABAergic medium-spiny neurons within the
nucleus accumbens (Pickel et al., 2004), and it could be speculated
that these may function as heterodimers (Canals and Milligan, 2008;
Rios et al., 2006). However, biochemical studies of cellular signaling
suggest that a mutual suppression of activities would be expected by
CB;-mu-opioid receptor heteromeric interactions, rather than a
synergistic activation as observed in the present studies (Canals and
Milligan, 2008; Rios et al., 2006; Shapira et al., 1998; Shapira et al.,
2000). Thus, it is unlikely that the present results may be explained as
a consequence of heterodimer interactions between the two receptor
types.

A recent in vitro investigation found that SR141716 at high
concentrations (10 pM) exhibited a low affinity to displace [°H]DAMGO
binding to mu-opioid receptors in CHO cell membranes (Cinar and
Szucs, 2009). Other reports have suggested that at high concentrations,
AS-THC and cannabidiol (which exhibit very poor affinity for CB,
receptors), also non-competitively decrease mu-opioid receptor bind-
ing to ligands (Kathmann et al., 2006; Vaysse et al., 1987). Although it is
possible that the reduced efficacy of DAMGO to elicit feeding following
SR141716 pretreatment may be due to antagonism of binding at the
mu-opioid receptor itself, this interpretation is unlikely for two reasons.
First, SR141716 did not itself reduce feeding in a manner consistent with
the inhibition seen following naltrexone treatment in Experiment 3.
Second, the reduced food intake in response to SR141716 pretreatment
prior to DAMGO infusion (Experiment 4) differed in the pattern of
antagonism compared with the pretreatment of naltrexone (Experi-
ment 3). SR141716 pretreatment delayed and attenuated the feeding
response in response to subsequent DAMGO infusion, but it did not
completely block it as did naltrexone pretreatment. As such, we
conclude that our observed effect is indicative of an endogenous
functional interaction between these receptor systems.

5. Concluding remarks

The results of these studies support a role for cannabinoid and
opioid receptor systems, acting in the nucleus accumbens shell, for
impacting palatability-induced feeding. Specifically, the feeding
effects elicited by stimulation or blockade of mu-opioid receptors
indicate that these receptors are of principal importance for
modulating ingestion of a palatable diet in rats maintained on ad
libitum access to chow. Although CB; receptor activation alone was
not sufficient to impact reward-driven feeding, these results indicate
that mu-opioid induced feeding is modulated by simultaneous
activation of CB; receptors. The findings reported herein strongly
suggest that endocannabinoid agonists acting in the nucleus accum-
bens shell permit the actions of mu-opioid receptors. This modulatory
role is consistent with accumulating evidence that cannabinoid
receptor activation is important for full expression of the rewarding
properties of opioid peptides (Caille and Parsons, 2006; Mas-Nieto
et al,, 2001; Solinas et al., 2003). The interaction of the cannabinoid
and opioid systems may serve to alter the firing of nucleus accumbens
shell GABAergic projections to neural structures implicated in the
governance of ingestion. Taken as a whole, these studies suggest that
the development of pharmacological interventions that target both
endocannabinoid and opioid peptide depletion could provide an
efficacious treatment strategy for maladaptive eating behaviors, such
as those associated with obesity.
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