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Abstract
Previous work suggests a role for dopamine D3-like receptors in psychostimulant reinforcement.
The development of new compounds acting selectively at dopamine D3 receptors has opened new
possibilities to explore the role of these receptors in animal models of psychostimulant
dependence. Here we investigated whether the dopamine D3 partial agonist CJB090 (1–10 mg/kg,
i.v) and the D3 antagonist PG01037 (8–32 mg/kg, s.c.,) modified methamphetamine (0.05 mg/kg/
injection) intravenous self-administration under fixed- (FR) and progressive- (PR) ratio schedules
in rats allowed limited (short access, ShA; 1h sessions 3 days/week) or extended access (long
access, LgA; 6h sessions 6 days/week). Under a FR1 schedule, the highest dose of the D3 partial
agonist CJB090 selectively reduced methamphetamine self-administration in LgA but not in ShA
rats, whereas the full D3 antagonist PG01037 produced no effect in either group. Under a PR
schedule of reinforcement, the D3 partial agonist CJB090 reduced the maximum number of
responses performed (“breakpoint”) for methamphetamine in LgA rats at the doses of 5 and 10
mg/kg and also it produced a significant reduction in the ShA group at the highest dose. However,
the D3 full antagonist PG01037 only reduced PR methamphetamine self-administration in LgA
rats at the highest dose of 32 mg/kg with no effect in the ShA group. The results suggest that rats
might be more sensitive to pharmacological modulation of dopamine D3 receptors following
extended access to methamphetamine self-administration, opening the possibility that D3
receptors play a role in excessive methamphetamine intake.
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INTRODUCTION
Psychostimulants are reinforcing drugs with high addictive potential. Much of the
experimental attention specifically devoted over the past years to the study of
psychostimulant dependence has focused on cocaine and amphetamine. Methamphetamine
is the N-methyl-analog of amphetamine with significant pharmacological differences
(Fleckenstein, et al., 2007) and has a particularly powerful addictive potential, a problem
that has reached epidemic proportions over the last two decades (Degenhardt, et al., 2008;
Derlet and Heischober, 1990; Maxwell and Rutkowski, 2008; McKetin, et al., 2008).

Preclinical animal models used for the study of psychostimulant dependence have begun to
incorporate methamphetamine as a drug for investigation. Traditionally, studies to explore
the neuropharmacological basis of the acute reinforcing effects of drugs of abuse and to
investigate the preclinical effects of compounds with potential therapeutic value have used
models of limited daily access to drug self-administration. Using these models, rats are
allowed access to less than 3 hours of drug self-administration per day, thus producing
highly stable levels of intake and patterns of responding between daily sessions. Based on
conceptual grounds that addiction is characterized by a compulsion to take drugs and a loss
of control in limiting intake (American Psychiatric Association, 2000), animal models of
intravenous drug self administration with extended drug access that result in a progressive
increase in drug intake (escalation) have been developed. These models are critical in our
pursuit of examining the neurobiological mechanisms that underlie this component of
addiction (Koob, 2008). As such, extended access models have been widely used to study
various components of psychostimulant addiction including increased motivation to seek the
drug and the loss of control over intake, which results in compulsive use (Kitamura, et al.,
2006; Ahmed and Koob, 1998; Wee, et al., 2007; Orio, et al., 2009).

Previous preclinical work suggests a primary role for the mesolimbic dopamine system that
projects to the basal forebrain in the acute rewarding effects of psychostimulants (Koob,
1992; Koob, et al., 1994) and altered dopamine neurotransmission in advanced states of the
addiction cycle (Ahmed and Koob, 2004; Wee, et al., 2007). However, pharmacological
attempts to modify the course of psychostimulant addiction in humans have met with very
limited clinical success, and thus far, the use of receptor nonselective dopamine agonists and
antagonists in treatment of addiction also has essentially failed (Withers, et al., 1995;
Gorelick, et al., 2004).

Much evidence stemming from different experimental approaches supports the potential for
compounds with partial agonistic properties at the level of dopamine receptors in
psychostimulant dependence (Pulvirenti, et al., 1998; Pulvirenti and Koob, 2002; Pulvirenti
and Koob, 1994; Wee, et al., 2007). Partial agonists have lower intrinsic activity at receptors
than full agonists (Hoyer and Boddeke, 1993), allowing them to act either as functional
agonists or as functional antagonists, depending on the endogenous levels of the naturally
occurring neurotransmitter. Under normal conditions, and especially in conditions of
dopamine depletion, partial agonists show functional agonist activity; in the presence of a
full agonist, partial agonists show functional antagonist properties.

The development of new compounds acting selectively at dopamine D3 receptors, over the
past decade, has stimulated attention on the potential use of these compounds for treatment
of psychostimulant dependence (Heidbreder, 2008; Heidbreder, et al., 2005). For example,
the dopamine D3 partial agonist BP897 reduced relapse to cocaine intake produced by drug-
associated environmental stimuli (Pilla, et al., 1999), blocked amphetamine– and cocaine-
induced conditioned locomotor activity (Aujla, et al., 2002; Le, et al., 2002) and the D3
receptor agonist PD-128907 reduced responding for cocaine. This hypothesis was translated
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into clinical studies where both the D3 partial agonist BP897 and the D2 partial agonist
aripiprazole underwent Phase I clinical studies (N.I.D.A. Medications Development, 2004).
More recently, GlaxoSmithKline has initiated clinical trials for substance dependence, with
an initial focus on nicotine, using a novel D3-selective antagonist (see
http://clinicaltrials.gov).

In order to extend previous preclinical studies to incorporate the recently developed models
of transition from moderate to excessive drug intake, the present study was specifically
designed to test the effects of the D3 receptor partial agonist CJB090 and the D3 receptor
antagonist PG01037 on methamphetamine self-administration in animals given limited and
extended access. We tested the effects of these compounds on methamphetamine maintained
behavior under a fixed-ratio and a progressive-ratio schedule of reinforcement. Results
based on these studies suggest that compounds acting at dopamine D3 receptors may be
useful for reducing compulsive methamphetamine intake associated with the development of
addiction and in this model the D3-selective partial agonist, CJB090 was more effective than
the D3 antagonist PG01037.

MATERIALS AND METHODS
Animals

Forty-two adult male Wistar rats (Charles River, Hollister, CA) weighting 225–250 g were
used at the start of the experiment. Rats were housed 2 or 3 per cage with food and water
available ad libitum, and maintained in a 12 h light/dark cycle, with lights on at 6 am. Self-
administration sessions took place during the dark cycle, the active cycle of the rats. Seven
rats in the ShA group and nine rats in the LgA group did not complete the experiments due
to catheter failure, health complications or because they did not acquire self-administration
behavior. Two rats were re-catheterized into the left jugular vein. All procedures were
approved by The Scripps Research Institute Animal Care and Use Committee and were in
accordance with National Institutes of Health guidelines (NIH Publication no. 85-23, revised
1996).

Intravenous surgery
Rats were anesthetized with 2–3% of isofluorane mixed in oxygen and implanted with a
sterilized silastic catheter (0.64 ID × 1.19 OD mm; Dow Corning Co. Midland, MI) into the
right jugular vein under aseptic conditions. The distal end of the catheter was threaded under
the skin to the back of the rat and exited the skin via a metal guide cannula (22G, Plastic
One, Inc, Roanoke, VA). Immediately after surgery, Flunixin® (2.5 mg/kg, s.c.) was given
as analgesic. The rats were subjected to antibiotic therapy with Timentin® (20 mg, i.v, once
daily) during 10 days after the surgeries, and Sulfamethoxazole-Trimethoprim Oral
Suspension (TMS, Hi-Tech Pharmacal Co., Inc., Amityville, New York) in the drinking
water (0.48 mg/ml) when health complications appeared during the study. Catheters were
flushed daily with heparinized saline (30 USP units/ml) and tested eventually for patency
using methohexital sodium (Brevital®, 10 mg/ml, 2 mg/rat).

Methamphetamine self-administration procedure
After at least 5-days of post-operatory recovery, rats were trained to self-administer
methamphetamine in a 1 h session under a fixed ratio 1 (FR1) schedule of reinforcement. At
the beginning of each session rats were presented with 2 response levers into the chamber.
Responding on the front lever resulted in the delivery of 0.1 ml of drug over 4 sec and the
illumination of a light above the lever that lasted throughout a time-out period of 20 sec.
Responding on the back lever was recorded but had no programmed consequences. Rats
were trained to self-administer a high methamphetamine dose of 0.1 mg/kg/injection during
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two days and then the dose of methamphetamine was reduced to 0.05 mg/kg/injection. After
8 days of baseline period the rats were divided into two groups balanced by the number of
methamphetamine injections per session during the last three baseline sessions. One group
of rats were exposed to methamphetamine (0.05 mg/kg/injection) during daily 6 h sessions
(long access, LgA), whereas the other group of rats was exposed to intermittent 1 h session/
day 3 days per week (short access, ShA) during a total of 15–19 sessions. The ShA group
has been used in this study as a control for the extended access (LgA) group since we have
previously observed that an intermittent limited access to methamphetamine leads to a very
stable pattern of methamphetamine self-administration (Mandyam, et al., 2007). The dose of
methamphetamine (0.05 mg/kg/infusion) used in this study was carefully selected based on
our previous studies (Kitamura, et al., 2006; Wee, et al., 2007) and accounts for a highly
stable self-administration behavior in rats. This dose of methamphetamine is within the
range of the descending limb of the methamphetamine dose-response self-administration
curve in rats, and is appropriate to measure reliable and stable dose-dependent effects
(Kitamura, et al., 2006; Wee, et al., 2007).

CJB090 and PG01037 treatments on methamphetamine self-administration
CJB090 was tested in a FR1 schedule after 18 methamphetamine sessions. CJB090 was
injected immediately before self-administration (0.0, 1.0, 5.0 and 10.0 mg/kg, i.v.) following
a within-subject Latin square design. In a different cohort of animals, PG01037 (0.0, 8.0,
16.0 and 32.0 mg/kg, s.c.) was injected 30 min before self-administration and following a
Latin square design. Then, the effects of CJB090 and PG01037 were tested under a
progressive ratio (PR) schedule of reinforcement. PR is a schedule tailored to specifically
measure the relative reinforcing properties of a drug. In the PR schedule the number of lever
presses required to receive a single i.v. methamphetamine infusion was progressively raised
following an ascending series of lever press/injection: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50,
…etc, and ended when the rat failed to achieve the response requirement within 1 h
(Richardson and Roberts, 1996). The break points measure the maximum amount of “work”
each individual is willing to perform under a PR schedule for a single dose of reinforcer.
Test sessions under FR or PR schedules were always separated by baseline sessions (FR1)
(one session per day) to maintain methamphetamine intake under extended or limited
conditions and assure a stable baseline in order to exclude a possible remaining
pharmacological effect of the compound tested in the last test session. For the PR testing, all
rats were injected with vehicle and tested in additional PR sessions before and after the Latin
Square design. Performances under the PR schedule in vehicle-injected rats did not differ
across the study (one-way ANOVA, p>0.05, n.s.). The doses and routes of administration of
CJB090 and PG01037 were chosen based on published studies (Collins, et al., 2005;
Martelle, et al., 2007). For CJB090, the effective doses in the primate were 0.3–3.0 mg/kg
intravenous. Extrapolation to the rat based on interspecies drug scaling (Mordenti and
Chappell, 1989) resulted conservatively in doses of 1,5 and 10 mg/kg and the intravenous
route was retained. For PG01037, the I.C. 50 doses for blocking l-Dopa and apomorphine-
induced abnormal involuntary movements in the rat were 7.4 mg/kg i.p. and 18.4 mg/kg i.p.,
respectively.

Drugs
Methamphetamine hydrochloride (National Institute on Drug Abuse, Baltimore, MD) was
dissolved in sterile 0.9% saline and filtered for self-administration. Dose of
methamphetamine (0.05 mg/kg/injection) was calculated as a function of rat body weight
and updated every 3–4 days. CJB090 (N-(4-(4-(2,3-dichlorophenyl)piperazin-1-yl)butyl)-4-
(pyridin-2-yl)benzamide) and PG01037 (N-(4-(-(2,3-dichlorophenyl)-piperazin-1-yl)-trans-
but-2-enyl)-4-pyridine-2-ylbenzamide) (Fig. 1) were obtained from N.I.D.A.-Medicinal
Chemistry Section (Baltimore, MD) and were synthesized as described in (Newman, et al.,
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2003;Grundt, et al., 2005). Both CJB090 and PG01037 were dissolved in 5% 2-hydroxyl-β-
cyclodextrin in saline and filtered. These compounds were formulated as the HCl salts and
doses reflect these.

Data analyses
Data were analyzed using GraphPad Prism version 4.0 (GraphPad Software, San Diego,
CA). All data are presented as means ± S.E.M. Two-way analysis of variance (ANOVA)
with repeated measurements was used to compare methamphetamine intake between groups
and the effects of CJB090 or PG01037 on methamphetamine self-administration under FR
or PR schedules. Additionally, one-way ANOVA followed by Dunnett’s Multiple
Comparison test (comparison only with control animals) or Newman-Keuls post hoc test
were conducted on simple main effects or when a significant interaction was found.
Appropriate pairings were compared using Bonferroni post-hoc test (after two-way
ANOVA) which includes pair-wise multiple-comparison correction.

RESULTS
Methamphetamine self-administration under a FR1 schedule in LgA and ShA rats

CJB090 group—Methamphetamine intake (in milligram per kilogram) for the CJB090
group (future D3 partial agonist group) of animals is illustrated in Figure 2a (entire sessions)
and Figure 2b (first hour sessions). Data analyses of methamphetamine intake during the
first hour of the session by ShA rats and LgA rats (n=6–7) revealed a main effect of daily
session (F5,55 =4.45, p<0.001), main effect of access (F1,55 =22.41, p<0.001), and an overall
interaction (F5,55 =4.94, p<0.001). Methamphetamine self-administration in the first hour of
the session by LgA rats significantly increased in sessions 11, 17, 18 and 19 and no effect
was observed in the ShA group (F5,30 =13.63, n.s.) (Fig. 2b). Within a 6 h session, there was
an interaction (access × session) (F5,55 =4.45, p<0.01) and main effects of daily session
(F5,55 =4.3, p<0.01) and access (F1,55 =184.8, p<0.001). Additional analysis revealed that
methamphetamine self-administration by LgA was increased starting in session 10 until
session 19 (Fig. 2a).

PG01037 group—Methamphetamine intake for the PG01037 cohort of animals (future D3
antagonist group) is illustrated in Fig. 2c (entire sessions) and Fig. 2d (first hour sessions).
There was a significant interaction between group and daily sessions in methamphetamine
self-administration between LgA and ShA rats (n=6–7) in the first hour of the sessions
(F5,55 = 5.65; p<0.001) and within the overall session (F5,55 = 5.24; p<0.001), and main
effects of daily session (F5,55 =3.80; p<0.01) and access (F1,55 = 22.40; p<0.001) within the
6h sessions. LgA rats significantly increased the rate of methamphetamine self-
administration in sessions 11, 14, 15 and 16 during the first hour (Fig. 2d), and the increase
was significant from session 12 throughout all self-administration sessions (Fig. 2c). No
change in the rate of methamphetamine self-administration was observed in the ShA group
(F5,30 =16.46, n.s.) (Fig. 2c, d).

Effect of CJB090 on methamphetamine self-administration under FR1 and PR schedules of
reinforcement

Under a FR1 schedule of reinforcement, the D3 partial agonist CJB090 reduced responding
for methamphetamine during one hour session at the highest dose of 10 mg/kg selectively in
LgA rats (F3,15= 24.61; p<0.001) and no effect was observed in the ShA group at any dose
tested (F3,18= 2.03; n.s.) (Fig 3, upper panel). Two-way ANOVA revealed an interaction
(access × session) between LgA and ShA rats (F3,33 = 7.71; p<0.001), and a main effect of
access (F1,33 = 26.77; p<0.001) and dose (F3,33 = 20.21; p<0.0001).

Orio et al. Page 5

Addict Biol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Under a PR schedule of reinforcement (Fig. 3, bottom panel), LgA and ShA vehicle-injected
rats achieved statistically different break points (t-test, p<0.05). Two-way ANOVA found an
interaction (dose × access) (F3,33 = 4.03; p=0.015), and a main effect of the dose (F3,33 =
15.57; p<0.0001). Additional analysis revealed that CJB090 reduced methamphetamine
break points in LgA rats at doses of 5mg/kg and 10 mg/kg (F3,18 = 15.37; p<0.0001) and
there was also a reduction in responding for methamphetamine in the ShA group at 10 mg/
kg of CJB090 (F3,15 = 7.14; p<0.05).

Effect of PG01037 on methamphetamine self-administration under FR1 and PR schedules
of reinforcement

When the D3 antagonist PG01037 was tested under a FR1 schedule, no interaction or main
effect was found between groups (F3,27 = 0.89; p=0.5, n.s.) (Fig. 4, upper panel).

Under a PR schedule (Fig. 4, bottom panel), two-way ANOVA revealed an interaction
(access × dose) (F3,27 = 8.18; p<0.001) and a main effect of dose (F3,27 = 3.38; p<0.05).
Additional analysis revealed that LgA and ShA vehicle-injected rats achieved statistically
different break points after vehicle injection (t-test, p<0.05) and PG01037 reduced
methamphetamine break points at the highest dose selectively in the LgA group (F3,15 =
3.90; p<0.05) with no effect observed in the ShA group (F3,18 = 37.46; p>0.05, n.s.).

DISCUSSION
Dopamine D3 receptor subtypes originally were hypothesized to play a pivotal role in
modulating the reinforcing and drug-seeking effects induced by psychostimulants (Caine
and Koob, 1993; Pilla, et al., 1999). However, recent studies suggest that dopamine D3
receptors may be implicated in the motivation to self-administer drugs under schedules with
high response requirements -rather than be involved in the direct reinforcing effects of drugs
of abuse- and strongly modulate the influence of environmental stimuli on drug-seeking
behaviour (Heidbreder, 2008; Le, et al., 2005a). Until recently, extensive pharmacological
investigations have been hampered by the lack of highly D3 receptor selective compounds
that can be used in vivo. Indeed, another complicating factor is that although functional
coupling of D3 receptors to Gαi/o-proteins has been established (Newman-Tancredi, et al.,
1999; Cussac, et al., 1999), the question of which G-protein signaling pathways are recruited
by D3 receptor activation in vivo remains unanswered. Nevertheless, the fact that several D3
antagonists and partial agonists have demonstrated efficacy in animal models of drug abuse
without the concomitant motor side effects associated with nonselective D2 antagonists
(Achat-Mendes, et al., 2009; Micheli, et al., 2007), supports further pursuit of the D3
receptor as a potential target for medication development (for review see (Heidbreder, 2008;
Le, et al., 2007).

In an early study, pre-treatment with D2/D3 agonists in rats decreased dose-dependently
cocaine self-administration under a fixed ratio schedule following limited access to the drug
(Caine and Koob, 1993), which was interpreted as a potentiation of the reinforcing effects of
cocaine. Consistent with these results, the D3 antagonist SB-277011-A inhibited cocaine-
triggered reinstatement of cocaine seeking and blocked enhancement of electrical brain
stimulation reward by cocaine (Vorel, et al., 2002). D3 partial agonists such as BP 897 and
CJB090 reduced cue-induced reinstatement of cocaine seeking and cocaine self-
administration in rats and non-human primates, respectively (Martelle, et al., 2007; Pilla, et
al., 1999). The D3 antagonists SB-277011-A and NGB 2904 also inhibited cocaine-
associated cue-induced reinstatement of drug-seeking behavior (Di, et al., 2003; Gal and
Gyertyan, 2006; Gilbert, et al., 2005) In addition, compounds selective for D3 receptors and
characterized as partial agonists in vitro (Pilla 1999, Grundt et al., 2007), can attenuate the
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discriminative stimulus and reinforcing effects of cocaine while not producing cocaine-like
effects (Martelle, et al., 2007; Pilla, et al., 1999; Beardsley, et al., 2001).

The discovery of new compounds selectively acting at dopamine D3 receptors together with
the hypothesis that partial agonist activity, as opposed to full antagonist activity at dopamine
D3 receptors, may be of potential use for treatment of several aspects of methamphetamine
addiction, led us to study the effects of two new compounds acting at D3 receptors in an
animal model of compulsive methamphetamine intake. Thus, we tested the effects of the D3
receptor compounds, CJB090, a partial agonist, and PG01037, a full antagonist, in rats given
limited and extended access to methamphetamine self-administration. Our results suggest a
role for dopamine D3 receptor subtypes in reducing excessive methamphetamine intake
associated with compulsive psychostimulant use in advanced stages of the
methamphetamine addiction process.

The present results confirm that animals given extended access to methamphetamine showed
increased rates of self-administration (Kitamura, et al., 2006; Wee, et al., 2007) and
increased responding under PR schedules, which may indicate high motivation to seek the
drug and/or high reinforced activity of methamphetamine in the LgA group (Wee, et al.,
2007; Paterson and Markou, 2003; Orio, et al., 2009). In this regard, this animal model with
extended session duration has been hypothesized to mimic the transition from moderate to
excessive drug intake associated with addiction, since human abusers progressively increase
drug consumption during the development of the addiction process (American Psychiatric
Association, 2000, (Koob, 2008). In the present study we used an intermittent short access
group as a control for the extended access group, which has been used previously in our
studies (Mandyam, et al., 2007). However, this group represents both short access and
intermittent access and it is not clear exactly which of the controlling factors (short duration
of exposure or more intermittent exposure) is responsible for the effects observed. Previous
work has shown that daily short access to methamphetamine can result in a modest
escalation in intake over time whereas intermittent short access did not lead to an escalation
in intake (Mandyam et al., 2007).

The D3 partial agonist CJB090 reduced methamphetamine self-administration under a fixed
ratio schedule and the maximum number of responses performed for a single injection of the
drug under a progressive ratio schedule in the LgA group at medium and high doses. The D3
full antagonist PG01037, in contrast, reduced responding only under a progressive ratio
schedule and then only at the highest dose tested. These results support the hypothesis that
compounds acting at dopamine D3 receptors with partial agonist activity may be more
useful in reducing excessive methamphetamine intake associated with extended access
compared with full antagonists. More specifically, partial agonists may block the increased
DA transmission during methamphetamine self-administration and correct the low
dopaminergic tone in LgA rats, which was has been observed in dependent subjects in
absence of methamphetamine (Hoefer, et al., 2006; Kitamura, et al., 2006; Volkow, et al.,
2009). This dual action makes DA partial agonists possibly preferable as anti-addiction
drugs than full antagonists (Koob, et al., 2009).

The doses of partial agonist used in the present study correspond reasonably well with the
doses in the literature if one considers interspecies pharmacokinetic differences as
elaborated by the well known principle of interspecies drug scaling (McCann and Ricaurte,
2001; Mordenti and Chappell, 1989). Smaller animals require higher doses of drug, on a mg/
kg basis, to achieve the same effect. For methamphetamine the elimination half life in the rat
is 70 min versus 12 h in humans (Cook, et al., 1993; Melega, et al., 1995). To model the
plasma levels of methamphetamine observed in humans (range of 1–3 microM) where
humans received a dosing of 0.5 mg/kg every 3 hours (Melega, et al., 2007), these
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pharmacokinetic variables needed to be taken into account and rats received an intravenous
dosing every 15 min. demonstrating a 12 fold difference between rat and human (Cho, et al.,
2001). Using functional endpoints, approximately 0.32 mg/kg intramuscular
methamphetamine produced a peak locomotor stimulating dose in monkeys (Crean, et al.,
2006) whereas the peak locomotor stimulating effect of methamphetamine in the rat is
approximately 3 mg/kg subcutaneous (Schindler, et al., 2002). Regarding toxic doses, 4–6
mg/kg methamphetamine in a monkey risks a lethal outcome (Madden, et al., 2005) and the
lethal dose in humans is approximately 14 mg/kg (Baselt, 1982) whereas the LD 90 in the
rat is 100 mg/kg (Derlet, et al., 1990). In summary, there is approximately a 10 fold+
difference in dosing between human/monkey and rat, thus providing a rationale for the dose
parameters used in the present series of studies.

Although CJB090-induced reduction in methamphetamine self-administration and break
points in the LgA group are likely due to D3 receptor blockade, one cannot exclude the
possibility that high doses of CJB090 may also affect D2 receptors. The D3 partial agonist
CJB090 has approximately 50-fold selectivity at the D3 receptor compared with the D2L
receptor (Grundt, et al., 2005). Also, the doses of CJB090 (5 and 10 mg/kg, i.v.) that were
effective in reducing excessive methamphetamine intake are equivalent to those used in a
previously reported study in rhesus monkeys (Martelle, et al., 2007), nevertheless, there is
the possibility that off-target effects, such as D2 partial agonist activity (Grundt, et al., 2007)
could play a role in the behaviors observed. This possibility may account for the reduction in
methamphetamine self-administration observed in ShA rats at the highest dose of CJB090

Therefore, the present results, although not unequivocally attributable to action on D3
receptors, confirm that CJB090, a drug with a preferential D3 partial agonist profile
differentially modifies methamphetamine-seeking behavior following extended exposure to
the drug. The present results are similar to the different sensitivity shown by LgA and ShA
rats to the partial agonist aripiprazole (Wee et al., 2007) where, the nonselective D2 partial
agonist aripiprazole reduced responding by methamphetamine LgA and ShA rats under both
a progressive- and a fixed-ratio schedule, although LgA rats were more sensitive to these
effects (Wee, et al., 2007). These results further support the hypothesis that following
transition from moderate to excessive drug intake sensitivity to pharmacological
intervention changes.

Additionally, unlike D2 receptor blockade, selective compounds acting at D3 receptors
appear not to interfere with normal on going activities, showing a lack of effect on
conditioned responses to natural reinforcers and the absence of aversive-like, sedative, or
locomotor impairing effects (Le, et al., 2005b; Duarte, et al., 2003b; Duarte, et al., 2003a;
Spiller, et al., 2008; Pak, et al., 2006). This adds to the potential of this class of compounds
for a possible use in human addicts and represents an important finding of heuristic value
from a clinical perspective.

PG01037 has been shown to be a selective full D3 receptor antagonist in vivo (Collins, et
al., 2005; Collins, et al., 2008; Collins, et al., 2009; Grundt, et al., 2005; Grundt, et al.,
2007). In the present study PG01037 did not modify methamphetamine self-administration
under a FR1 schedule but reduced methamphetamine break points in the LgA group, at a
dose (32 mg/kg, s.c.) that has been shown to be D3 selective in rats (Collins, et al., 2005;
Collins, et al., 2008; Collins, et al., 2009). In previous studies the full D3 antagonist
SB277011-A was shown to blunt the motivation to self-administer cocaine under PR
schedule or a FR schedule with a high response requirement (FR10) (Xi, et al., 2005). One
hypothesis would be that D3 receptor antagonists decrease specifically the motivation to
take methamphetamine, which is particularly observable under conditions of high response
requirement (“price”) to obtain the drug (such as performances under PR schedules) and/or
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they are effective only when low methamphetamine brain concentrations are reached (i.e. in
PR conditions compared to FR1 conditions). However, methamphetamine self-
administration by ShA rats -which is sustained at lower methamphetamine concentrations
than LgA rats- was not reduced by PG01037, which appears to exclude a simple version of
this hypothesis. Alternatively, adaptations in dopamine D3 receptors may be hypothesized to
take place in advanced states of the addictive process that may contribute to the excessive
methamphetamine intake observed in LgA rats. This hypothesis is supported by the elevated
levels of D3 receptor mRNA and binding in brains of long-term cocaine abusers (Segal, et
al., 1997; Staley and Mash, 1996) and in animals treated chronically with cocaine (Le, et al.,
2002). The upregulation of dopamine receptors with chronic administration of
psychostimulants appears to be selective for D3 receptors, since no changes in other
dopamine receptor subtype densities or binding were observed in animal brains after cocaine
or methamphetamine (Le, et al., 2002; Wee, et al., 2007).

The full D3 antagonist PG01037 also binds to the 5-HT1a receptor. Although PG01037
shows a 65-fold selectivity at D3 compared with 5-HT1a receptors (Kumar, et al., 2009), it
is possible that at least some of the effects observed here might be due to additional activity
at serotonin terminals. This is a possibility that remains to be explored since no information
is available to date regarding intrinsic activity of PG01037 at 5-HT1a receptors (Kumar, et
al., 2009). However, it is noteworthy that the lowest effective dose reported here (32 mg/kg)
is the same dose that was necessary in previous behavioral studies to antagonize D3-
mediated effects (Collins, et al., 2005; Collins, et al., 2008; Collins, et al., 2009). Also, the
effects of PG01037 on L-dopa-induced involuntary movements in rats unilaterally lesioned
in the medial forebrain bundle was unaffected by treatment with the selective 5-HT1a
antagonist WAY 100635.

The exact neuropharmacological mechanism by which dopamine D3 receptors could
modulate the excessive psychostimulant intake in extended access animals remains unclear.
D3 receptors are located in both presynaptic and postsynaptic cells (Sokoloff, et al., 1990)
and the anti-addiction properties of D3-acting compounds are hypothesized to be mediated
by blockade of D3 postsynaptic receptors, whereas blockade of D3 presynaptic receptors
may augment DA release and enhance synaptic DA (Spiller, et al., 2008). The NAc appears
to be a primary area through which D3 ligands may act (Gainetdinov, et al., 1996; Gilbert, et
al., 1995). Thus, local administration of SB177011-A into the NAc blocked reinstatement of
stress-induced cocaine-seeking behavior (Xi, et al., 2004). However, other areas such as the
amygdala and the somatosensory cortex have been also proposed (Levesque, et al., 1992;
Frances, et al., 2004; Le, et al., 2002).

Partial dopamine agonists may be particularly effective for the treatment of psychostimulant
addiction in humans for several reasons. Clinical experience has shown that chronic
treatment with direct dopamine agonists is usually accompanied by side effects which may
be particularly undesirable and harmful in the context of addiction therapy. For example, a
tendency towards impulsive behavior and emergence of psychotic reactions, two side effects
associated with repeated administration of dopamine agonists in patients (Weintraub, et al.,
2006; Wolters, 1999), are likely to be important limiting factors in addiction therapy. In
contrast, partial agonists appear to be much less likely to produce these untoward side
effects (Hamidovic, et al., 2008; Voronin, et al., 2008). Also, in conditions of high
functional dopamine activity like in the case of psychostimulant intoxication, partial
dopamine agonists, due to their high affinity for dopamine receptors but low intrinsic
activity, are likely to produce an antagonist-like effect. Although partial agonists now
represent an important component of opiate and nicotine addiction therapy (Jimenez-Ruiz, et
al., 2009; Gowing, et al., 2009), the relative lack of clinical effective compounds acting on
dopamine receptors, especially on D3 receptors which are probably a critical target, has not
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allowed appropriate clinical investigation. The importance of drug design efforts aiming at
partial agonists selectively active on dopamine receptor subtypes is therefore of paramount
importance.

In summary, the present study further supports the involvement of D3 receptors in
psychostimulant abuse and addiction and suggests that a D3 partial agonist is particularly
effective in blocking the increased motivation for self-administration of methamphetamine
observed with extended access. Further studies will be necessary to explore the effects of
drugs with different agonist, partial agonist or antagonist profiles within the D3 agonist-
antagonist continuum. Specifically, follow-up studies with more selective D3 partial
agonists (Grundt, et al., 2007; Newman, et al., 2009) are planned to further investigate these
observations and potentially clarify the roles of intrinsic activity and D3-selectivity in the
attenuation of methamphetamine self administration. These studies provide a rationale to
continue the exploration of highly selective D3 partial agonists as pharmacotherapeutic
compounds for the treatment of methamphetamine addiction.
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Figure 1. Molecular structure of D3 receptor ligands
CJB090, a dopamine D3 partial agonist. PG01037, a dopamine D3 antagonist.
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Figure 2. Methamphetamine self-administration under a FR1 schedule by LgA and ShA rats
Methamphetamine self-administration (0.05 mg/kg/injection) gradually increased over days
in rats given extended access to the drug (6h/day daily; LgA, filled circles), whereas
methamphetamine intake remained stable over days in rats with limited access to the drug
(1h/day every 2–3 days, ShA, opened circles). Left panels (A, B) are data from animals in
the D3 partial agonist (CJB090) study, and right panels (C, D) are data from animals in the
D3 antagonist (PG01037) study. Top panels (A, C) are data from the entire sessions (6h for
LgA rats and 1h for ShA rats), and bottom panels (B, D) are data from the first hour of the
sessions. Data are expressed as the mean ± SEM of the number of methamphetamine
injections on the left axis and mg/kg on the right axis. *p<0.05, **p<0.01, compared to
respective session 1.

Orio et al. Page 16

Addict Biol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Effect of CJB090 on methamphetamine self-administration under FR1 and PR
schedules of reinforcement
The dopamine D3 partial agonist CJB090 was injected i.v. immediately before a
methamphetamine (0.05mg/kg/injection) test session. Data on the top graph (A) correspond
to test sessions under FR1 schedule of reinforcement and data on the bottom graph (B) are
from sessions under a PR schedule. Sessions under a FR1 schedule lasted 1h and sessions
under a PR schedule ended when rats failed to achieve methamphetamine reinforcement
within 1h (see methods for details). Filled bars are methamphetamine extended access rats
(6h/session daily, LgA, n=7) and stripped bars are methamphetamine limited access rats (1h/
session every 2–3 days, ShA, n=6). Data are expressed as the mean ± SEM of the number of
methamphetamine injections per session on the left axis (A and B) and methamphetamine
intake in mg/kg (A) or ratio/injection (B) on the right axis. Different between access
conditions: *p<0.05, ***p<0.001. Different to vehicle-injected rats in the same access
condition: #p<0.05, ###p<0.001.
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Figure 4. Effect of PG01037 on methamphetamine self-administration under FR1 and PR
schedules of reinforcement
The dopamine D3 antagonist PG01037 was injected s.c. 30 min before a methamphetamine
(0.05mg/kg/injection) test session. Data on the top graph (A) correspond to test sessions
under FR1 schedule of reinforcement and data on the bottom graph (B) are from sessions
under a PR schedule. Sessions under a FR1 schedule lasted 1h and sessions under a PR
schedule ended when rats failed to achieve methamphetamine reinforcement within 1h (see
methods). Filled bars are methamphetamine extended access rats (6h/session daily, LgA,
n=5–6) and stripped bars are methamphetamine limited access rats (1h/session every 2–3
days, ShA, n=6–7). Data are expressed as the mean ± SEM of the number of
methamphetamine injections per session on the left axis (A and B) and methamphetamine
intake in mg/kg (A) or ratio/injection (B) on the right axis. Different between access
conditions: *p<0.05. Different to vehicle-injected rats in the same access
condition: ###p<0.001.
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