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ixed into a fructose–saccharin solutionover a differentflavormixed into a saccharin-
only solution which is considered to be a form of flavor–flavor conditioning. Fructose-conditioned flavor
preferences are impaired by systemic dopamine D1 and to a lesser degree, D2 receptor antagonism as well as by
NMDA, butnotopioid, receptorantagonism.Given the emerging role of the endocannabinoid systeminmediating
hedonically-driven food intake, the present studyexaminedwhether systemic administration of the inverse CB-1
receptor agonist, AM-251 would alter fructose-conditioned flavor preferences. In Experiment 1, food-restricted
ratswere trained over 10 sessions (30min/day) to drink a fructose–saccharin solutionmixedwithoneflavor (CS+/
Fs) and a less-preferred saccharin-only solution mixed with another flavor (CS−/s). Subsequent two-bottle tests
with the twoflavors in saccharin (CS+/s, CS−/s) occurred 15min following counterbalancedpairs of AM-251doses
of 0, 0.1,1 or 3mg/kg. Preference for CS+/s over CS−/s following vehicle treatment (74%)was significantly reduced
by the 0.1 (67%) and 1 (65%) AM-251 doses, whereas CS+/s, but not CS−/s intakewas significantly reduced by the 1
and 3 mg/kg AM-251 doses. In Experiment 2, rats received systemic injections of AM-251 (1 mg/kg) or vehicle
prior to the 10 CS+/Fs and CS−/s training sessions. In subsequent two-bottle tests (drug-free) the AM-251 and
control groups displayed similar preferences for the CS+ flavor (66% vs. 69%). Experiment 3 demonstrated that
AM-251 significantly decreased chow intake (24 h), and 1-h intakes of fructose–saccharin and saccharin-only
solutions in ad libitum-fed rats. These data indicate that functional CB-1 receptor antagonism significantly
reduces the expression, butnot theacquisitionof fructose-conditionedflavor–flavor preferences. The endogenous
endocannabinoid system is therefore implicated in the maintenance of this form of learned flavor preferences.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Learning, together with innate taste biases, plays amajor role in food
preferences (see review, Sclafani, 1995). The conditioned flavor pre-
ference paradigm has proved useful in studying the acquisition and
expression of learned food preferences in animals. Our laboratory has
used various procedures in which an arbitrary flavor (the conditioned
stimulus or CS+) is paired with a nutritive source (the unconditioned
stimulus or US; e.g., sugar solution), and a second flavor (the CS−) is
pairedwith a less-preferrednonnutritive source (e.g., saccharin solution)
during a series of one-bottle trainingsessions. Preference learning is then
assessed in a two-bottle choice test with the two flavors presented in
saccharin solutions to insure that anydifferential intake canbe attributed
to a learned response to the flavor cues. Learned flavor preferences may
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result fromanassociationbetween theCS+flavorand thepalatableflavor
of the sugar (sweet taste) which is referred to as flavor–flavor con-
ditioning, and/or between the CS+ flavor and the postingestive actions of
sugar which is referred to as flavor-nutrient conditioning. We have
studied flavor–nutrient learning by pairing the intakes of CS+ and CS−
flavored saccharin solutions with intragastric (IG) infusions of sugar
(sucrose, glucose) and water, respectively (Sclafani et al., 1993, 1999).
Flavor–flavor conditioning is studied by testing either sham-feeding
animals with an open gastric fistula consuming preferred CS+ flavored
sucrose and less-preferred CS− flavored saccharin solutions (Yu et al.,
1999) or real-feeding animals consumingpreferred CS+flavored fructose
and less-preferred CS− flavored saccharin solutions (Baker et al., 2003,
2004) because fructose doesnot conditionflavor–nutrient preferences in
short training sessions (Sclafani et al., 1993, 1999).

These various flavor conditioning procedures have been combined
withpharmacological treatments to investigate the neurochemical basis
of food preference learning. Drug effects on the acquisition of flavor
preferences are evaluated by administrating the drug just before daily
one-bottle training trials, whereas drug effects on the expression of a
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previously learned flavor preference are evaluated by administering the
drug just prior to two-bottle choice tests. Recent findings indicate that
systemic pretreatment with D1 (SCH23390) and D2 (raclopride)
dopamine receptor antagonists significantly reduces both the acquisi-
tion and expression of sucrose-conditioned flavor–flavor preferences in
sham-feeding rats (Yu et al., 2000a,b) and of fructose-conditioned
flavor–flavor preferences in real-feeding rats (Baker et al., 2003). Reduc-
tions in the expression, but not the acquisition of fructose-conditioned
flavor–flavor preferences have also been observed following direct
administration of D1 and D2 antagonists into the nucleus accumbens
and amygdala (Bernal et al., 2006, 2007; Dostova et al., 2006). In
contrast, systemic D1, but not D2 dopamine receptor antagonism blocks
the acquisition, but not the expression of sucrose-conditioned flavor–
nutrient preferences produced by IG sucrose infusions (Azzara et al.,
2001). Direct administration of a D1 antagonist into the nucleus accum-
bens or amygdala also blocks acquisition of glucose-conditioned flavor–
nutrient preferences following IG infusions (Touzani et al., 2006, 2007).
The NMDA glutamate–glycine receptor has been implicated in flavor–
flavor preferences in that the acquisition, but not the expression, of
fructose-conditioned flavor preferences was respectively reduced by
systemic administration of the non-competitive NMDA antagonist, MK-
801, and enhanced by systemic administration of the glycine agonist, D-
cycloserine (Golden and Houpt, 2007). Although the general opioid
antagonist, naltrexone, is capable of reducing intakes of sucrose and
saccharin solutions (see review, Bodnar, 2004), systemic administration
of naltrexone failed to alter the acquisition or expression of sucrose-
conditioned flavor–flavor preferences in sham-feeding rats (Yu et al.,
1999), of fructose-conditioned flavor–flavor preferences in real-feeding
rats (Baker et al., 2004), or of sucrose-conditioned flavor–nutrient pre-
ferences following IG infusions (Azzara et al., 2000).

The cannabinoids have been implicated in the mediation of food
intake. Injections of the active ingredient of marijuana, delta-9-tetra-
hydrocannabinol, or the putative endogenous cannabinoid neurotrans-
mitter, anandamide, each stimulate normal and palatable food intake
(Kirkham, 2005; Kirkham et al., 2002; Koch and Matthews, 2001;
Williams and Kirkham,1999, 2002a; Williams et al., 1998), and the CB-1
antagonist, SR141716 reduces ethanol and sucrose intake (Arnone et al.,
1997). Although cannabinoid CB-1 and CB-2 receptors are both localized
in brain sites related to feeding (e.g., striatum and nucleus accumbens:
Fusco et al., 2004; Gong et al., 2006; Herkenham et al., 1991; Moldrich
and Wenger, 2000), the CB-1 receptor has been more implicated in the
control of food intake (see reviews, DiMarzo andMatias, 2005; Piomelli,
2003). CB-1 receptors have been localized on both GABAergic synapses
andwithmu-opioid receptors in striatum and accumbens (Matyas et al.,
2006; Pickel et al., 2004; Schoffelmeer et al., 2006). Such neuroanato-
mical findings support the contention that activation of CB-1 receptors
particularly stimulates intake of foods that have hedonic consequences
(Arnone et al., 1997; Cooper, 2004; Higgs et al., 2003; Jarrett et al., 2005;
Koch, 2001; Koch and Matthews, 2001; Mahler et al., 2007). There are
proposed interactions between cannabinoid and opioid systems in
mediating food intake (Cooper, 2004; Cota et al., 2006; Kirkham and
Williams, 2001; Williams and Kirkham, 2002b), and between cannabi-
noid and dopamine systems in mediating reward (Gardner, 2005). The
emerging role for cannabinoid receptor systems in palatable food intake
and reward, and their interaction with dopamine and opioid neuro-
chemical systems make them a promising candidate for a role in the
acquisition and expression of the flavor–flavor conditioned preferences.
The selective CB-1 receptor inverse agonist, AM-251 produces significant
and sustained reductions in baseline food intake and weight in normal
rats (Chambers et al., 2004, 2006), in genetically-obese Zucker rats
(Vickers et al., 2003), and inmicewith dietary obesity (Hildebrandt et al.,
2003). AM-251 and a related CB-1 receptor inverse agonist, SR141716
each produce a synergistic reduction of food intakewhen pairedwith an
opioid antagonist (Chen et al., 2004; Kirkham and Williams, 2001;
Rowland et al., 2001), but AM-251 also reduces food intake inmu-opioid
receptor-deficient mice (Chen et al., 2006). AM-251 also blocked the
ability of delta-9-tetrahydrocannabinol to reduce quinine-induced
aversions (Jarrett et al., 2007), and ventricular CB-1, but not CB-2
receptor antagonists blocked deprivation-induced intake (Werner and
Koch, 2003). The present study examined the dose-dependent ability of
systemic AM-251 to alter the expression and acquisition of fructose-
conditionedflavor preferences aswell as to replicate its inhibitory effects
upon chow (24 h: Chambers et al., 2004, 2006) and sweet solution (1 h:
Jarrett et al., 2007) intakes in rats.

2. Methods

2.1. Subjects

The experimental protocols were approved by the Queens College
Institutional Care and Use Committee, certifying that all subjects and
procedures are in compliance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals. Male albino Sprague–
Dawley rats (275–300 g, Charles River laboratories, Wilmington MA,
USA) were housed individually inwire mesh cages andmaintained on a
12:12-h light–dark cycle with rat chow (5001, PMI Nutrition Interna-
tional, Brentwood, MO) and water available ad libitum. All testing took
place in the rat's home cage during themid-light phase of the light–dark
cycle in a normally illuminated animal colony room. Two weeks before
testing commenced, the rats in Experiments 1 and 2 were placed on a
food restriction schedule thatmaintained their bodyweights at 85–90%
of their ad libitum level through the entire study.

2.2. Drugs

AM-251 (Tocris Bioscience, Ellisville, MO) was made into a stock
3 mg/ml solution by initially dissolving a 50 mg aliquot of drug in 2%
DMSO (0.33 ml) by gently vortexing the solution. Subsequent additions
of 1%Tween80 (0.17ml) and 97%normal saline (16.17ml) occurred. This
stock solutionwasused to prepare 0.1 and 1mg/ml drug concentrations.
The AM-251 solutions were stored at room temperature in a dark
canister. Each solution was resonicated just before use. Animals were
administered each particular concentration at a 1 ml/kg dose.

2.3. Test solutions

The training solutions were prepared on a weight/weight basis, and
consisted of either a combined 8% fructose (Sigma, St. Louis, MO, USA)
and 0.2% sodium saccharin (Sigma) solution (80 g of fructose, 2 g of
saccharin, 0.5 gofKool-Aidflavorand917.5gofwater) or a0.2%saccharin
solution (2 g of saccharin, 0.5 g of Kool-Aid flavor and 997.5 g of water)
flavored with 0.05% unsweetened grape or cherry Kool-Aid (Kraft Foods,
White Plains, NY, USA). Half of the rats in Experiments 1 and 2 had the
cherry flavor added to the fructose–saccharin solution and the grape
flavor added to a saccharin-only solution; the flavors were reversed for
the remaining rats. In the two-bottle preference tests, the cherry and
grapeflavorswere eachpresented in a 0.2% saccharin solution. Theflavor
added to the fructose–saccharin solution is referred to as the CS+ and the
flavor added to the saccharin-only solution is referred to as the CS−
because 8% fructose is preferred to 0.2% saccharin (Baker et al., 2003,
2004; Sclafani and Ackroff, 1994). CS+/Fs refers to the flavored fructose–
saccharin solution used in training, and CS+/s refers to the same flavor
presented in saccharin-only solution during choice testing,whereas CS−/
s refers to theflavored saccharin solution used in training and testing. For
initial training in Experiments 1 and 2, rats were trained to drink an
unflavored 0.2% saccharin solution from 100 ml bottles during daily 30-
min sessions. The bottle was mounted on the front of the cage held by a
taut steel spring and was positioned so that the stainless spout entered
the cage about 3–6 cm above the cage floor. The training procedure was
repeated daily until all rats approached the spout with short (b1 min)
latency, typicallywithin 3 days. The limited food rationswere given 0.5 h
after each training session.



Fig. 1. Expression. Intakes (g, +SEM, 0.5 h) of CS+/s and CS−/s solutions in two-bottle
tests of animals receiving intraperitoneal injections (0, 0.1, 1, 3 mg/kg) of the CB-1
inverse agonist, AM-251 15 min prior to testing. Significant differences are denoted
between CS+/s and CS−/s intakes within an injection condition (⁎) and between CS+/s
intake following a drug dose relative to the vehicle treatment (+). The percentages of CS
+/s intake over total intake are denoted above each pair of values with significant
differences relative to vehicle treatment (#) noted.
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2.4. Experiment 1: CB-1 expression study

Fifteen food-restricted rats were given 10 one-bottle training
sessions (30 min/day) with 16 ml of the CS+/Fs solution presented on
odd-numbered days, and 16 ml of the CS−/s solution presented on
even-numbered days. On Days 9 and 10, the rats had access to two
bottles, one containing the CS+/Fs or CS−/s solution, and the other
containing water. This exposed the rats to the presence of two bottles
used during the choice tests. Water intake was negligible in these
training trials. The position of the CS and water bottles was counter-
balanced across rats and the two days. Intakes were measured to the
nearest 0.1 g by weighing the bottles prior to and at the end of the 30-
min session; the food ration was presented 0.5 h later.

Following training, all rats were given 10 daily two-bottle choice
test sessions (30 min/day) with the CS+/s and CS−/s solutions; intakes
were unlimited (50 ml) in these tests. The positions of the two bottles
were counterbalanced using a left–right–right–left pattern in half of
the rats, and a right–left–left–right pattern in the remainder. All rats
received vehicle injections (1 ml normal saline/kg body weight, ip)
15 min prior to the first two choice test sessions to control for the
alternation of the pairs of the bottles. Two subgroups of rats, matched
for their CS+ preference in the vehicle tests, received ascending (0.1, 1
and 3 mg/kg) or descending (3, 1, 0.1 mg/kg) pairs of AM-251 intra-
peritoneal (ip) injections 15 min prior to subsequent choice test sess-
ions again to control for the alternation of the pairs of the bottles.
Following the six days of testing the three drug doses, all rats were
tested for preferences (30-min session) over two final days in the
absence of injections with bottle positions alternated; the preferences
observed during the first two days following vehicle were restored.
The dose range employed in this and the subsequent paradigms was
chosen from the range of doses used previously in feeding and food-
related studies (e.g., Chambers et al., 2004, 2006; Chen et al., 2004,
2006; Hildebrandt et al., 2003; Vickers et al., 2003).

2.5. Experiment 2: CB-1 antagonist acquisition study

Twenty-four food-restricted rats were tested for unflavored sac-
charin solution intakes over three days, andmatched into two groups on
the basis of this intake. Both groups were then given 10 one-bottle
training sessions (30 min/day) with 16 ml of the CS+/Fs solution pre-
sented on odd-numbered days, and 16 ml of the CS−/s solution pre-
sented on even-numbered days in a manner described above. The first
group of 12 rats received AM-251 at a dose of 1 mg/kg 15 min prior to
each of the ten training trials, while the second group of 12 rats received
vehicle injections (1mlnormal saline/kg bodyweight, ip) 15minprior to
each of the ten training trials. Following training, all rats in both groups
were given 6 two-bottle choice test sessions (30min/day)with theCS+/s
and CS−/s solutions; intakes were unlimited in these tests and the rats
were not injected. The positions of the 2 bottles were counterbalanced
using a left–right–right–left pattern in half of the rats, and a right–left–
left–right pattern in the remainder. Intakes of the CS+/s and CS−/s
solutions were measured to the nearest 0.1 g after 30 min during each
session, and the food ration was presented 0.5 h later.

2.6. Experiment 3: CB-1 antagonist effects upon chow, fructose and
saccharin intake

Baseline24-hchowandwater intakeswere recorded in12 individually
housed rats over three days. Chow intake was measured by weighing the
food bin before and after each 24-h session andwas corrected for spillage
collected on paper towels placed under the wire mesh cage. Intake was
then assessed following vehicle injections (1 ml normal saline/kg body
weight, ip), and used to match two subgroups (n=6 each) of rats that
subsequently received ascending (0.1,1 and 3mg/kg, ip) or descending (3,
1, 0.1 mg/kg, ip) series of AM-251 injections at 48-h intervals. Following a
one-week interval, the two subgroups of rats were given an unflavored
fructose (8%)–saccharin (0.2%) solution or an unflavored saccharin (0.2%)
solution, respectively, in a 100ml calibrated (0.1ml) bottle attached to the
front of the cage during daily 60-min sessions. Following stabilization,
intake was assessed 15, 30, 45 and 60 min following vehicle injections
(1 ml normal saline/kg body weight, ip). Animals receiving fructose–
saccharin or saccharin solutions were respectively matched for vehicle
intake, and subsequently received ascending (0.1, 1 and 3 mg/kg, ip) or
descending (3, 1, 0.1 mg/kg, ip) series of AM-251 injections at 48-h
intervals 15 min prior to presentation of the solutions. Solution intakes
were measured at 15, 30, 45 and 60 min during each session.

2.7. Statistical analyses

In the expression study, training intakes were averaged over the five
sessions eachwith theCS+/Fs andCS−/s solutions and evaluatedwith a t-
test. Intakes during the preference tests were averaged over the two
sessions at each dose and evaluated with two-way repeated-measures
analysis of variance (ANOVA, CS solution×dose). Separate ANOVAs eva-
luated total intakes and percent of total intake consumed as CS+/s. In the
acquisition study, training intakes were averaged over the five sessions
eachwith the CS+/Fs and CS−/s solutions andwere analyzedwith a two-
way ANOVA (CS solution×group). Intakes during the preference tests
were averaged over the six sessions and analyzed with a two-way
ANOVA. Changes in the percent CS+/s intakes and total intake were
evaluated by t-tests comparing the vehicle and AM-251 training groups.
In the ad libitum intake study, a one-way repeated-measuresANOVAwas
performed to assess drugdose-induced changes in chow intake. Separate
two-way repeated-measures ANOVAswere performed to assess changes
in cumulative fructose–saccharin and saccharin intakes as functions of
AM-251 doses and the four intake intervals. Tukey corrected compar-
isons (Pb0.05) detected significant individual effects. Effect sizes were
calculated for the preference and intake studies.

3. Results

3.1. AM-251 and expression of fructose-conditioned flavor preference

CS+/Fs training intakes (11.2+0.6 ml/session) were higher, though
not significantly so (t(28)=1.65, P=0.11), than CS−/s training intakes
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(9.6+0.8 ml/session). Fig. 1 presents the two-bottle intakes of the CS+/
s and CS−/s solutions following vehicle and AM-251 drug treatment.
Significant differences in intake were observed between the CS+/s and
CS−/s solutions (F(1,56)=179.70, Pb0.0001; eta2=0.57), across drug
doses (F(3,56)=3.53, Pb0.021; eta2=0.19), and for the interaction
between CS solutions and doses (F(3,56)=4.48, Pb0.007; eta2=0.24).
Significant differences in the percent CS+/s intake were also observed
across doses (F(3,42)=5.58, Pb0.003; eta2=0.62). As expected, CS+/s
intake was significantly higher than CS−/s intake following vehicle
treatment, resulting in a 74% CS+/s preference (Fig.1). CS+/s intakewas
also significantly higher than CS−/s intake following each of the three
AM-251 doses. However, CS+/s, but not CS−/s, intake was significantly
and dose-dependently decreased relative to vehicle treatment fol-
lowing the 1 and 3, but not the 0.1, mg/kg doses of AM-251 (Fig. 1).
Further, the percent CS+/s intake was significantly reduced relative to
vehicle treatment following the 0.1 (67%) and 1 (65%), but not the 3
(68%) mg/kg AM-251 doses. Significant decreases in total CS solution
intakes (F(3,42)=17.91, Pb0.0001; eta2=0.88) relative to vehicle
occurred following all three drug doses. It should be noted that
animals returned to their initial pattern of CS+/s and CS−/s intakes
noted during vehicle treatment after all doses of the CB-1 antagonist
were administered (Fig. 1: post). These data indicate that CB-1
Fig. 2. Acquisition. A. Training: Intakes (g, +SEM, 0.5 h, over 5 days of training) of CS+/Fs
and CS−/s solutions in 10 one-bottle training sessions in animals receiving vehicle or
AM-251 (1 mg/kg). B. Testing: Intakes (g, +SEM, 0.5 h, over 6 days) of CS+/s and CS−/s
solutions in two-bottle tests in animals receiving either vehicle or AM-251 (1 mg/kg)
during ten days of one-bottle CS+/Fs and CS−/s training sessions. Significant differences
between CS+/Fs and CS−/s intakes during training and between CS+/s and CS−/s intakes
during testing are denoted (⁎). Significant differences in CS+/Fs and CS−/s intakes
between vehicle and AM-251 treatment during training are also denoted (+).
antagonism significantly, though marginally reduced the expression
of the fructose-conditioned flavor preferences.

3.2. AM-251 and acquisition of fructose-conditioned flavor preferences

Over the 5 training sessions, significant differences in intake were
observed between the CS+/Fs and CS−/s solutions (F(1,11)=87.99,
Pb0.0001; eta2=0.26), but not between training groups (F(1,11)=2.98,
ns) or for the interaction between groups and solutions (F(1,11)=0.30,
ns). Post-hoc comparisons revealed that vehicle control rats consis-
tently consumedmore of the CS+/Fs solution than the AM-251 training
group, and consistently more of the CS−/s solution than the AM-251
training group.

Fig. 2 presents the mean two-bottle intakes of CS+/s and CS−/s
solutions as well as the percent of CS+/s intakes averaged over the six
test sessions. Significant differences in intake were observed between
the CS+/s and CS−/s solutions (F(1,11)=95.94, Pb0.0001; eta2=0.78), but
not between training groups (F(1,11)=0.47, ns) or for the interaction
between groups and solutions (F(1,11)=0.37, ns). The groups also did not
differ in their percent CS+/s intakes (vehicle: 69% vs. AM-251: 66%; t(11)
=0.79, ns) or in their total intake (vehicle: 16.4 ml/session vs. AM-251:
15.8 ml/session; t(11)=0.53, ns). To determine if drug treatment during
training affectedCS+/s preference over the course of two-bottle training,
the three counterbalanced pairs of preference tests were added as an
independent variable. This analysis failed to reveal any significant
interactions between groups and pairs (F(2,22)=0.24, ns), groups and
solutions (F(1,11)=0.35, ns), or among groups, pairs and solutions (F
(2,22)=0.15, ns). These findings indicate that treatment with the CB1
antagonist during training failed to alter the subsequent learning and
acquisition of the fructose-conditioned flavor preference.

3.3. AM-251 and chow and fructose–saccharin intake

Significant reductions in chow intake over 24 h were observed (F
(3,42)=15.83, Pb0.0001; eta2=0.70) following the 1 and 3, but not the
0.1 mg/kg doses of AM-251 relative to vehicle treatment (Fig. 3A). Sig-
nificant differences in cumulative fructose–saccharin intake were ob-
served across times (F(3,60)=87.01, Pb0.0001; eta2=0.77), approached
significance for the interaction between doses and times (F(9,60)=1.85,
Pb0.07), but failed to differ among doses (F(3,20)=0.79, ns). AM-251
significantly reduced fructose–saccharin intake following the 0.1 (30–
60 min), 1 (15–60 min) and 3 (15, 60 min) mg/kg doses (Fig. 3B).
Significant differences in cumulative saccharin intake were observed
across times (F(3,60)=44.69, Pb0.0001; eta2=0.65), but failed to differ
amongdoses (F(3,20)=0.90, ns) or for the interactionbetweendoses and
times (F(9,60)=1.41, ns). AM-251 significantly reduced saccharin intake
only following the 3 (45–60 min) mg/kg dose (Fig. 3C).

4. Discussion

Systemic administration of the CB-1 receptor antagonist, AM-251,
produced significant, thoughmarginal reductions in the expression of a
fructose-conditioned flavor preference; CS+ preference was reduced
from 74% in the vehicle test to a low of 65% at the 1 mg/kg dose. This
attenuated preference was due to selective reductions in CS+/s intake
relative to vehicle without concomitant changes in CS−/s intake. Al-
though the magnitude of reductions in the expression of fructose-
conditioned preferences was significant but quite small following CB-1
antagonism, the effects were meaningful in that a subsequent pair of
control tests was administered after the drug regimen revealed that the
animals returned to vehicle treatment levels (74% vs. 73%). These data
thereby suggest that AM-251 failed to produce any forms of rapid
extinction. In contrast, the 1 mg/kg dose of AM-251 that reduced CS+
preference in the expression experiment failed to significantly alter the
acquisition of the fructose-conditioned flavor preference when admi-
nistered during one-bottle training. The CS+/s intakes of the control and



Fig. 3. Intake (mean +SEM) of chow (g/24 h, Panel A), combined 8% fructose and 0.2%
saccharin solutions (ml/60 min, Panel B), and 0.2% saccharin solution (ml/60 min,
Panel C) in animals receiving systemic injections (0, 0.1, 1, 3 mg/kg) of AM-251.
Significant differences in intake following AM-251 relative to corresponding vehicle
treatment are denoted (⁎).
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AM-251 groups were similar over the six sessions of two-bottle testing,
and the percent CS+ intakes of the two groups were also comparable
(69%vs. 66%). AM-251administrationhas been shown toproducea form
of aversion using a gaping response (Jarrett et al., 2005, 2007), but a
related novel CB-1 receptor neutral antagonist, AM4113 failed to induce
signs of nausea in rats while reducing food intake and food-reinforced
behavior (Sink et al., 2008a). The possibility that conditioned aversions
may have had some type of effect in the present paradigm appears
unlikely because the AM-251 dose of 1 mg/kg failed to alter the ac-
quisition of a fructose-conditioned flavor preference and presumably
the possibility of any conditioned aversion to the CS+/s and CS−/sflavors.
Thus, AM-251 significantly reduced the expression, but not the ac-
quisition of a fructose-conditioned flavor preference.

The failure of AM-251 to alter acquisition of a fructose-conditioned
flavor preference is in agreement with a preliminary report (Mendez-
Diaz and Propero-Garcia, 2007) demonstrating that AM-251 at the
same 1 mg/kg dose failed to alter the acquisition of conditioned place
preference reinforced by a palatable food (Rice Krispies cereal). Yet the
drug reduced the intake of the palatable food reward. Many other
studies report that AM-251, aswell as the related compound, SR141716,
reduces baseline food intake and body weight in ad libitum-fed
(Chambers et al., 2004, 2006) and food-deprived (Werner and Koch,
2003) normal rats, in genetically-obese Zucker rats (Vickers et al.,
2003), and in mice with dietary obesity (Hildebrandt et al., 2003), as
well as decreases ethanol or sucrose intake (Arnone et al., 1997).

The present study confirmed and extended these latter observa-
tions. In Experiment 3, AM-251 significantly reduced 24-h chow
intake as well as short-term (1 h) intake of a fructose–saccharin and
saccharin solutions. Interestingly, AM-251 appeared to produce more
potent inhibitory effects at lower doses and at shorter latencies on the
intake of the fructose–saccharin solution compared to the saccharin-
only solution. Intakes of the two solutions were similar following
vehicle treatment yet the fructose–saccharin solution is preferred to
the saccharin-only solution (unpublished observations). The similar
baseline intakes and greater drug effects on the fructose–saccharin
solution may be related to the postingestive satiating effect of the
fructose in the mixed solution. This may have limited the intake of the
solution so that the rats consumed similar amounts of the fructose–
saccharin and saccharin solutions in the vehicle test and alsomade the
mixed solution more susceptible to drug suppression. This interpreta-
tion could be tested by comparing the effects of AM-251 on the sham-
feeding response to both solutions. In any case, the ability of a CB-1
inverse agonist to reduce intake of the sweet solutions is consistent
with the stimulation of palatable food and fluid intakes by activation
of CB1 receptors (Cooper, 2004; Higgs et al., 2003; Jarrett et al., 2005;
Koch, 2001; Koch andMatthews, 2001; Mahler et al., 2007). Given that
AM-251 reduces intake of fructose–saccharin as well as saccharin
solutions per se in one-bottle tests, and given that AM-251 reduces the
expression of a fructose-conditioned flavor preference, it would be of
interest to investigate in future studies whether AM-251 would
similarly reduce the strong unconditioned preference for the CS+/Fs
solution relative to the CS−/s solution.

The endocannabinoid system appears to interact with dopamine
systems in mediating reward (Gardner, 2005). This together with the
ability of full and inverse CB-1 agonists to stimulate and reduce food
intake, respectively, was a major rationale for studying AM-251 effects
on fructose-conditioned flavor preferences. D1, and to a lesser degree,
D2 dopamine receptor antagonists reduced the expression of fructose-
conditioned flavor preferences in real-feeding rats (Baker et al., 2003)
and strongly reduced the expression of sucrose-conditioned flavor
preferences in sham-feeding rats (Yu et al., 2000a,b). In contrast, AM-
251 produced at best only a partial, but significant reduction in CS+
preference. Together, these findings indicate that conditioned flavor
preferences are more dependent upon dopamine receptor activity than
CB-1 receptor activity. Among the sites atwhichCB1 receptorsmayexert
such effects is the accumbens (Pickel et al., 2004; Schoffelmeer et al.,
2006). Interestingly, D1 receptor antagonism in the accumbens reduced
CS+/s preference to a degree comparable to that obtained with systemic
AM-251 treatment in the present study (Dostova et al., 2006). Finally, a
recent finding (Sink et al., 2008b) that came to the same conclusion of
greater dopamine than endocannabinoid antagonist effects demon-
strated differences between D1 and D2 receptor antagonists on the one
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hand and CB-1 functional antagonism on the other hand in their ability
to decrease an operant task involving response allocation and effort-
related choice in food-seeking behavior.

Further, in contrast to the failure of AM-251 treatment to alter the
acquisition of fructose-conditionedflavorpreferences,D1, and to a lesser
degree, D2 dopamine receptor antagonists reduced the acquisition of
fructose-conditioned flavor preferences (Baker et al., 2003). Another
neurotransmitter system implicated in flavor conditioning is the
glutamatergic system. The non-competitive NMDA receptor antagonist,
MK-801 was observed to reduce the acquisition, but not expression of
fructose-conditioned flavor preferences, whereas the glycine agonist, D-
cycloserine enhanced this response (Golden andHoupt, 2007). Itmay be
that dopamine interacts with different neurotransmitter systems in
mediating different aspects (e.g., acquisition, expression) of flavor–fla-
vor preference learning.

CB-1 receptors have been co-localized with mu-opioid receptors in
striatum and accumbens (Matyas et al., 2006; Pickel et al., 2004;
Schoffelmeer et al., 2006), and cannabinoid and opioid interactions have
been observed in themediation of food intake (Cooper, 2004; Cota et al.,
2006; Kirkham and Williams, 2001; Williams and Kirkham, 2002b).
Further, AM-251 and SR141716 each produce a synergistic reduction of
food intake when paired with an opioid antagonist (Chen et al., 2004;
Kirkham and Williams, 2001; Rowland et al., 2001), and AM-251 is
capable of also reducing food intake in mu-opioid receptor-deficient
mice (Chen et al., 2006). However, in contrast to the ability of systemic
AM-251 to reduce the expression of a fructose-conditioned flavor
preference, systemic naltrexone failed to reduce fructose-conditioned
flavor preferences in real-feeding rats (Baker et al., 2004) or sucrose-
conditioned flavor preferences in sham-feeding rats (Yu et al., 1999).

Fructose-conditioned flavor preferences in rats represent a useful
model of flavor–flavor learning. Whereas brain dopamine and glutama-
tergic systems appear quite important in acquiring flavor–flavor pre-
ferences, brain dopamine and now endocannabinoid systems appear
important in maintaining the expression of such preferences. Demon-
strating interactions between these and other candidate neurotrans-
mitter systems and identifying the brain site(s) of action at which such
interactions occur are important steps in the complete understanding of
food preferences and appetite.
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