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annabinoid CB1 transmission suppress food-motivated behaviors, and may be
clinically useful as appetite suppressants. Several CB1 receptor inverse agonists, such as rimonabant and
AM251, as well as the CB1 receptor neutral antagonist, AM4113, have been assessed for their effects on food-
motivated behavior. One important criterion for establishing if a drug may be useful clinically is the
determination of its oral bioavailability. The present studies compared the effects of AM4113 and a novel CB1
antagonist, AM6527, on the suppression of food-reinforced behavior following intraperitoneal (IP) and oral
administration. AM4113 and AM6527 both suppressed lever pressing after IP injections. The ED50 for the
effect on FR5 responding was 0.78 mg/kg for IP AM4113, and 0.5763 mg/kg for IP AM6527. AM6527 also was
effective after oral administration (ED50=1.49 mg/kg), however, AM 4113 was ineffective up to oral doses of
32.0 mg/kg. AM 4113 may be very useful as a research tool, but its lack of oral activity suggests that this drug
might not be effective if orally administered in humans. In contrast, AM 6527 is an orally active CB1
antagonist, which may be useful for clinical research on the appetite suppressant effects of CB1 antagonists.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Considerable evidence indicates that cannabinoid systems are
involved in the regulation of feeding and food-motivated behaviors.
CB1 receptor agonists such as delta-9 tetrahydrocannabinol, ananda-
mide and 2-AG have been shown to elevate levels of food intake
(Jamshidi and Taylor, 2001; Kirkham et al., 2002; Williams and
Kirkham, 1999). Conversely, food intake is impaired by CB1 receptor
inverse agonists such as rimonabant (SR141716A), AM251 and
AM1387 (Arnone et al., 1997; Colombo et al., 1998; Simiand et al.,
1998; Williams and Kirkham 1999; McLaughlin et al., 2003, 2005,
2006; Salamone et al., 2007), and by CB1 antagonists including
AM4113 and O-2050 (Gardner and Mallet, 2006; Salamone et al.,
2007; Sink et al., 2008a,b). Drugs that interfere with CB1 receptor
transmission also have been shown to impair food-reinforced
behavior (Freedland et al., 2000; McLaughlin et al., 2003, 2006;
Ward and Dyskstra, 2005; Salamone et al., 2007; Sink et al., 2008a,b).
Based upon these actions on food intake and food-reinforced behavior,
as well as other metabolic effects, it has been suggested that drugs
that interfere with cannabinoid CB1 transmission could be useful as
treatments for obesity (Pi-Sunyer et al, 2006; Van Gaal et al., 2005).
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One of the important criteria for establishing whether or not a drug
may be useful clinically is the determination of the oral bioavailability of
that drug (Jogani et al., 2007; Ohta et al., 2007). Several previous studies
have shown that rimonabant is orally active (Huestis et al, 2001; Costa
et al., 2005; Davis and Nomikos, 2008). The present studies were
conducted to compare the effects of AM4113 and a novel CB1 antagonist,
AM6527, on the suppression of food-reinforced behavior following
intraperitoneal (IP) and oral administration. AM4113 is a recently de-
scribed CB1 receptor antagonist that lacks CB1-mediated signal trans-
duction effects in human CB1 transfected cell lines, and is a pyrazole-3-
carboxamide analog of SR141716A (Sink et al., 2008a). It was recently
reported that this drug effectively reduces feeding and food-reinforced
lever pressing behavior in amanner similar to AM251, but in contrast to
the inverse agonist AM251, AM4113 did not induce behaviors associated
with nausea and malaise (Sink et al., 2008a). Unlike inverse agonists
such as rimonabant andAM251, AM4113 also failed to producenausea in
ferrets (Chambers et al., 2007). Because of this reduced propensity for
inducing aversive side effects such as nausea, it is important to charac-
terize the effects of antagonists such as AM4113, and the determination
of the oral bioavailability of this drug is a critical part of that evaluation.
The other CB1 antagonist evaluated in the present study was AM6527.
This is the first behavioral evaluation of the effects of AM6527 (see
receptor binding data below), and neither AM6527 nor AM4113 have
been evaluated for their oral bioavailability. In the present studies, both
drugswere assessedusing food-reinforced lever pressingonafixed ratio
5 (FR5) schedule of reinforcement. This procedure was used because of
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Table 1
Receptor binding data for AM6527

Binding assay AM6527

CB1 binding Ki 4.88±1.50
95% confidence (2.77, 8.79)
R2-value 0.932

CB2 binding Ki 463±158
95% confidence (325, 659)
R2-value 0.974

Values for Ki are in nM±standard deviation of four (CB1) or three (CB2) assays done in
triplicate (shown with 95% confidence intervals and R2-value).
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the large body of previous data showing that it is highly sensitive to the
effects of drugs that interfere with CB1 receptor transmission
(McLaughlin et al., 2003, 2006; Salamone et al., 2007; Sink et al.,
2008a,b). Both drugs were initially studied for their effects after IP
administration, and two additional experiments investigated the effects
of these drugs after oral administration.

2. Methods

2.1. Animals

For the behavioral experiments, adult male Sprague–Dawley rats
(Harlan, Indianapolis, IN) were housed in a colony room on a 12-h
light–dark cycle (lights on during 0700–1900). All experiments were
conducted during the light part of the cycle. Rats were food-deprived
to 85% of their free-feeding body weight and weighed daily. All animal
protocols were approved by the University of Connecticut Institutional
Animal Care and Use Committee and the methods used were in
accordance with NIH guidelines.

2.2. Drugs and selection of doses

AM4113 and AM6527 were synthesized at the Center for Drug
Discovery, Northeastern University. AM4113 is a pyrazole-3-carbox-
amide analog of SR141716A, and AM6527 a pyrazole-3-carboxamide
analog of AM251. For intraperitoneal (IP) injection, AM4113 or
AM6527 was suspended in a vehicle of 15% dimethylsulfoxide
(DMSO), 15% Tween 80, and 70% saline (0.9%) and administered in a
volume of 1.0 mL/kg. For oral administration, drug was suspended in a
vehicle of Tween 80 and 0.9% saline in a ratio of 1:9, and administered
in a volume of 2.0 mL/kg. The doses and lead times for AM4113 used in
the IP experiments were based upon previous research (Sink et al.,
2008a). Pilot studies were used to determine these values for AM6527,
and to determine pretreatment times for oral administration of both
drugs. Because AM6527 was found to be slightly more potent than
AM4113 in the IP study (see Experiment 1 below), the oral dose
progression for AM6527 covered a lower range than the oral doses
used for AM4113 (Experiments 2 and 3). Oral administration of both
drugs was performed using a gavage.

2.3. Rat brain CB1 and human CB2 binding assay

AM6527was assessed for its affinity for CB1 and CB2 receptors using
membranepreparations fromratbrainorHEK293 cells expressinghCB2,
respectively, as previously described using [3H]CP-55,940 (Morse et al.,
1995; Lan et al.,1999;McLaughlin et al., 2006; Sink et al., 2008a). Results
from the competition assays were analyzed using nonlinear regression
to determine the IC50 values for the ligand (PrizmbyGraphPadSoftware,
Inc.); Ki values were calculated from the IC50 (Cheng and Prusoff, 1973).
Each experiment was performed in triplicate and Ki values determined
from at least three independent experiments. These methods are
identical to those used previously to assess the binding characteristics of
AM4113 and AM251 (Sink et al., 2008a).

2.4. Behavioral procedures

Rats were trained in operant chambers (internal dimensions:
20×21×28 cm, Med Associates) 30 min/day, 5 days/week for the
duration of these experiments. After magazine training, all rats were
trained for 2 weeks on an FR1 schedule in which each response was
reinforced with one 45 mg sucrose pellet (Research Diets, New
Brunswick, NJ). Following the 2 weeks of training on FR1, rats were
trained for several more weeks on an FR5 schedule, receiving a
single pellet for every fifth lever press. Operant conditioning test
sessions were controlled by a MEDPC program, which also gathered
the data.
2.5. Behavioral experiments

Following the initial training period, rats were injected with drug
and then tested once a week on Thursdays. For experiment 1,
AM4113 (n=8) and AM6527 (n=8) were injected IP at doses of 1.0,
2.0, 4.0, or 8.0 mg/kg or vehicle. Pretreatment time for these two
drugs was 30 min. For experiments 2 and 3, rats were given drug or
vehicle orally 1 h before testing. In experiment 2, rats (n=8) were
given vehicle or 8.0, 16.0, or 32.0 mg/kg AM4113. In experiment 3,
rats (n=8) received vehicle or AM6527 at doses of 4.0, 8.0, or
16.0 mg/kg. Within each experiment, all drug treatments were given
to each rat using a repeated measures design, with each rat receiving
all treatments in a randomly varied order over the successive weeks
of the experiment. Different dose ranges were used in experiments 2
and 3 because the results of experiment 1 indicated that AM6527
was slightly more potent than AM4113 at suppressing lever pressing
after IP administration.

2.6. Statistical analyses

Statistical analysis was performed using SPSS 14.0. Experiment 1
utilized a drug dose factorial analysis of variance (ANOVA) with
repeatedmeasures on the dose factor. ANOVAwith repeatedmeasures
on the dose variable was employed to analyze data from experiments
2 and 3. Nonorthogonal planned comparisons (Keppel, 1982) were
used to compare each drug treatmentwith vehicle. The overall ANOVA
mean square error term was used in these calculations, and the
number of comparisons was restricted to the number of drug
conditions minus one. ED50 and 95% confidence intervals for the
drug effect on the FR5 schedule was estimated using curvilinear
regression analysis (GraphPad Prism), employing an exponential
decay function.

3. Results

3.1. Receptor binding data for AM6527

CB1 and CB2 receptor binding data for AM6527 are shown in
Table 1. AM6527 showed a relatively high affinity for CB1 receptors
(4.88 nM), but a much lower affinity for CB2 receptors (463.0 nM).
These results indicate that AM6527 shows approximately 100-fold
selectivity for CB1 receptors relative to CB2 receptors. AM6527 was
also profiled against a variety of neurotransmitter related receptors,
ion-channels, enzymes and peptides and showed no affinity for any
of these non-cannabinergic targets up to a concentration of 10 μM
(data not shown).

3.2. Experiment 1

Fig. 1 depicts the effects of IP administration of AM4113 and
AM6527 on FR5 responding. Factorial ANOVA with repeated
measures on dose revealed a significant overall effect of dose on
lever pressing [F(4,56)=70.4, pb0.001]. There were also significant



Fig. 3. The effect of oral administration of AM6527 on FR5 lever pressing. Mean (±SEM)
number of lever presses (FR5 schedule) during the 30-min session for rats that received
treatment with vehicle or drug at 4.0, 8.0, or 16.0 mg/kg. Orally administered AM6527
significantly suppressed lever pressing on an FR5 operant schedule when compared to
vehicle (⁎pb0.05).

Fig. 1. The effects of IP administration of AM4113 and AM6527 on FR5 lever pressing.
Mean (±SEM) number of lever presses (FR5 schedule) during the 30-min session for rats
that received treatment with vehicle or drug at 1.0, 2.0, 4.0, or 8.0 mg/kg. Both AM4113
and AM6527 significantly decreased responding compared to vehicle (⁎pb0.05, both
drugs different from their respective vehicle treatments).
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differences between drug groups [F(1,14)=16.8, p=0.001], but no
drug by dose interaction [F(4,56)=0.942, n.s.]. Nonorthogonal
planned comparisons revealed that every dose produced a signifi-
cant decrease in lever pressing when compared to vehicle control
(pb0.05), and separate analyses showed that both AM4113 and
AM6527 significantly suppressed FR5 responding compared to
vehicle (pb0.001). The ED50 for the effect on FR5 responding was
0.78 mg/kg (R2=0.68) for IP AM4113, and 0.58 mg/kg (R2=0.82) for IP
AM6527.

3.3. Experiments 2 and 3

There was no significant change in lever pressing at any orally
administered dose of AM4113 when compared to vehicle [F(3,21)=
0.522, n.s.; Fig. 2]. However, oral administration of AM6527 produced
a dose-dependent decrease in responding on FR5 [F(3,21)=4.901,
pb0.01; Fig. 3]. Planned comparisons demonstrated that every dose of
AM6527 produced a significant suppression of responding compared
Fig. 2. The effect of orally administered (P.O.) AM4113 on FR5 lever pressing. Mean
(±SEM) number of lever presses (FR5 schedule) during the 30-min session for rats that
received treatment with vehicle or drug at 8.0, 16.0, or 32.0 mg/kg. There were no
significant differences between treatments.
to vehicle (pb0.05). The ED50 of orally administered AM6527 for
suppression of FR5 lever pressing was 1.49 mg/kg (R2=0.33).

4. Discussion

Previously published results from our laboratory have demon-
strated that AM4113, rimonabant (SR141716A), and AM251 are 100,
143, and 430 times more selective for CB1 than CB2 respectively (Lan
et al., 1999; McLaughlin et al., 2006; Sink et al., 2008a). In the present
study, AM6527 showed a similar selectivity for CB1 vs. CB2 receptors
as AM4113 (i.e., approximately 100-fold), although the Ki values
demonstrate greater affinity (0.89 nM and 92 nM for CB1 and CB2
respectively) for AM4113 compared to AM6527 (see Sink et al., 2008a;
see also Table 1). The present behavioral results indicate that AM6527,
like the cannabinoid CB1 receptor antagonist AM4113, and the inverse
agonists rimonabant, AM251, and AM1387, can suppress food-
reinforced operant lever pressing on a FR5 schedule of reinforcement
(McLaughlin et al., 2003, 2006; Sink et al., 2008a,b). The potencies of
AM4113 and AM6527 for suppression of lever pressing after IP
administration were roughly comparable, with AM6527 having a
slightly lower ED50, despite the fact that this drug appears to have a
slightly lower affinity than AM4113 for CB1 receptors. Additional tests
of feeding behavior, including other behavioral effects such as nausea
(e.g. Sink et al., 2008a), should be conducted with AM6527 in order to
provide amore detailed behavioral characterization of this compound.
Nevertheless, AM6527, which is a very selective CB1 antagonist, does
appear to be a potentially useful tool for studying the behavioral
effects of CB1 receptor blockade.

The two CB1 antagonists differed markedly in terms of their effects
after oral administration. Despite its relatively potent effects after IP
administration, AM4113 failed to suppress food-reinforced operant
responding after oral administration, even at doses up to 32.0 mg/kg.
In contrast, AM6527 was effective at significantly reducing feeding
after oral administration, with an ED50 of 1.49 mg/kg, suggesting that
AM6527 has significantly higher oral bioavailability than AM4113.
AM6527 was less potent after oral administration than it was after IP
administration, which is a common finding for most drugs. Moreover,
the shapes of the oral and IP dose response curves for AM6527
appeared to be somewhat different from each other. Nevertheless, it is
clear that there is a striking difference between the oral potency of
AM6527 and that of AM4113. These observations are consistent with
unpublished mouse screening data indicating that AM6527 has
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approximately four times greater availability after oral administration
than AM4113 (Wood and Makriyannis, unpublished observations).
Several processes can influence the oral bioavailability of substances,
including first-passmetabolism and other gastrointestinal and hepatic
factors (Madden et al., 1995; Pastino and Conolloy, 2000; Choi et al.,
2006; Gershkovich et al., 2007), and additional research will be
necessary to determine which of these factors is important for
cannabinoid CB1 antagonists.

Taken together, these results indicate that AM4113 may be very
useful as a research tool because it is a neutral antagonist of CB1
receptors. However, its relative lack of potency with oral administra-
tion in rats suggests that this drug might not be very potent if orally
administered in humans, which would make it less attractive as a
candidate for drug development at this point. Additional research
should determine if changes in vehicle composition (e.g. Carrier et al.,
2007) could enhance the oral bioavailability of AM4113. Nevertheless,
it does appear that AM6527, like rimonabant (Huestis et al., 2001;
Costa et al., 2005; Davis and Nomikos, 2008), is an orally active drug
that is capable of interfering with CB1 receptor transmission, and
therefore AM6527 may be useful for clinical research on the appetite
suppressant effects of interference with CB1 receptor transmission.
Further studies should also assess the potential effects of AM6527 on
processes other than appetite, such as forepaw usage during food
handling and actions related to food aversions (McLaughlin et al.,
2005; Sink et al., 2008a,b).
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