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Abstract
Rationale There is a focus on developing D3 receptor antago-
nists as cocaine addiction treatments.
Objective We investigated the effects of a novel selective D3
receptor antagonist, SR 21502, on cocaine reward, cocaine-
seeking, food reward, spontaneous locomotor activity and
cocaine-induced locomotor activity in rats.
Methods In Experiment 1, rats were trained to self-administer
cocaine under a progressive ratio (PR) schedule of reinforce-
ment and tested with vehicle or one of three doses of SR 21502.
In Experiment 2, animals were trained to self-administer cocaine
under a fixed ratio schedule of reinforcement followed by
extinction of the response. Then, animals were tested with
vehicle or one of the SR 21502 doses on cue-induced reinstate-
ment of responding. In Experiment 3, animals were trained to
lever press for food under a PR schedule and tested with vehicle
or one dose of the compound. In Experiments 4 and 5, in
separate groups of animals, the vehicle and three doses of SR
21502 were tested on spontaneous or cocaine (10 mg/kg, IP)-
induced locomotor activity, respectively.

Results SR 21502 produced significant, dose-related (3.75,
7.5 and 15 mg/kg) reductions in breakpoint for cocaine self-
administration, cue-induced reinstatement (3.75, 7.5 and
15 mg/kg) and cocaine-induced locomotor activity (3.75, 7.5
and 15 mg/kg) but failed to reduce food self-administration
and spontaneous locomotor activity.
Conclusions SR 21502 decreases cocaine reward, cocaine-
seeking and locomotor activity at doses that have no effect
on food reward or spontaneous locomotor activity. These data
suggest SR 21502 may selectively inhibit cocaine’s rewarding,
incentive motivational and stimulant effects.
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Locomotor activity

Introduction

Factors that contribute to cocaine addiction include cocaine
reward and cue-induced relapse. The mesocorticolimbic
dopamine (DA) system is critically involved in both reward
and relapse (Pierce and Kumaresan 2006; Willuhn et al. 2010;
Wise 1996, 2005). Given the critical role of DA in cocaine
reward and seeking, it would seem logical that compounds that
disrupt DA neurotransmission might be effective in treating
these aspects of cocaine addiction. Traditional DA-selective
compounds can reduce cocaine reward and cocaine-seeking,
but they also cause extrapyramidal “side effects,” mainly
through their antagonist actions at D2 receptors (for a review,
see Platt et al. 2002). Thus, a major challenge in the search for
effective cocaine addiction treatments is the development of a
drug whose effects are relatively restricted to cocaine reward
and cocaine-seeking with minimal side effects.

Several animal models have been used to investigate the
effects of compounds on cocaine reward and cocaine-seeking.
In the present set of studies, cocaine reward was investigated
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using the intravenous cocaine self-administration under pro-
gressive ratio (PR) schedule of reinforcement paradigm and
cocaine-seeking using the extinction followed by cocaine-cue
reinstatement of responding paradigm. We used these proce-
dures to test the effects on cocaine reward and cocaine-seeking
of a novel DA D3 subtype receptor antagonist.

Recently, there is growing interest in pharmacotherapies
targeting DA D3 receptors. This approach seems promising
because the distribution of D3 receptors appears to be mostly
restricted to the mesolimbic system (Diaz et al. 1995, 2000;
Murray et al. 1994; Sokoloff et al. 1990), a system strongly
implicated in reward and motivation (Wise 1996, 2004).

DA D3 receptors were first implicated in cocaine reward
with the demonstration that 7-OH-DPAT, a D3 receptor ago-
nist, decreased cocaine self-administration rates under a fixed
ratio (FR) schedule of reinforcement (Caine and Koob 1993),
suggesting enhancement of cocaine reward. DA D3 receptor
antagonists, such as SB-277011A, NGB-2904 and YQA14,
have higher selectivities for D3 than D2 receptors, suggesting
that they would be useful in reducing cocaine’s rewarding and
incentive motivational effects with minimal side effects (for
reviews, see Heidbreder 2008; Heidbreder and Newman
2010). In self-administration studies with low FR schedules of
reinforcement, D3 receptor antagonists produce inconclusive
effects; they either fail to inhibit cocaine self-administration
(Gal andGyertyan 2003; Xi et al. 2005) or significantly decrease
it (Song et al. 2011). But when work demands are increased, as
in higher FR and PR schedules of reinforcement, SB-277011A,
NGB-2904 and YQA14 significantly reduce responding (Song
et al. 2011; Xi and Gardner 2007; Xi et al. 2005). Under a PR
schedule of reinforcement, the response requirement increases
with each subsequent reward until responding ceases. The final
ratio completed that results in reward—referred to as the
breakpoint (BP)—indicates the strength of motivation to obtain
the drug and, therefore, the reward value of the drug. And it
appears that treatment with DA receptor antagonists reduces
BPs for cocaine self-administration, suggesting a reduction in
cocaine’s rewarding effect (Ranaldi and Wise 2001).

DA D3 receptors also are involved in cocaine-seeking.
Both SB277011A and NGB-2904 block reinstatement of
cocaine-seeking triggered by cocaine itself (Vorel et al. 2002;
Xi and Gardner 2007; Xi et al. 2006), cocaine cues (Gilbert
et al. 2005; Xi and Gardner 2007) or foot-shock stress (Xi et al.
2004). Thus, DA D3 receptor antagonists can reduce cocaine
reward and cocaine-seeking.

In the search for DA D3 receptor selective ligands as poten-
tial cocaine addiction therapeutics, compounds possessing a
basic acylaminobutylpiperazine pharmacophore have received
considerable attention. Well-studied examples of this class of
ligands include compounds such as BP 897 (Pilla et al. 1999),
NGB 2904 (Xi et al. 2006), PG01037 (Grundt et al. 2007;
Mason et al. 2010) and YQA14 (Song et al. 2011), all
possessing a phenyl group on the piperazine nitrogen (Fig. 1).

In the development of DA D3 antagonist ligands as drugs,
identification of ligands with desired potency, selectivity and
drug-like characteristics has been particularly challenging. For
example, ligands such as NGB 2904 and PG01037 are highly
lipophilic (CLogP >5), and high lipophilicity, in general, has
been associated with poor developability (i.e., the potential of a
compound to become a clinical candidate/therapeutic agent) of
the compounds as drugs (Ritchie et al. 2013). In a recent effort,
ligands incorporating nitrogen-containing heterocycles at both
ends of the molecule were pursued as an approach to discover
compounds possessing D3 receptor binding selectivity, optimal
lipophilicity and developability characteristics. From this effort,
SR 21502 (Fig. 1) possessing a pyrimidinyl group on the
piperazine nitrogen and an imidazo[1,2-a]pyrimidine on the
acyl carbon was identified as a ligand possessing a favorable
profile compared to the standard ligands (Table 1). SR 21502
displayed good affinity at the DA D3 receptor with >120-fold
binding selectivity over the DA D2 receptor. In the functional
activity assay based on inhibition of forskolin-stimulated
cAMP accumulation, SR 21502 displayed weak partial agonist
activity at DA D3 receptor (27.7±7.0 % inhibition normalized
to inhibition by the full agonist quinpirole) and antagonist
activity at DA D2 receptor (-1.9±13.3 %). In the agonist-
stimulated mitogenesis assay, this compound was characterized
as an antagonist at D3 (IC50=157±34 nM) and D2 (IC50=
2300±1100 nM) receptors (Ananthan et al. 2012). On the basis
of these favorable characteristics, we chose SR 21502 as a
compound of interest for evaluating in vivo activity against
cocaine reward and cocaine-seeking. We hypothesized that SR
21502 would reduce BPs for cocaine self-administration under
a PR schedule of reinforcement and reduce responding for
cues that were previously associated with cocaine taking.
We also examined the effects of this compound on food
reward, spontaneous locomotor activity and cocaine-induced
locomotor activity.

Methods

The protocols used in the present experiments were in accor-
dancewith the National Institutes of Health Guide for Care and
Use of Laboratory Animals and were approved by the Queens
College Institutional Animal Care and Use Committee.

Subjects

Subjects were male Long–Evans rats bred in our facility
from males and females obtained from Charles River
Laboratories (Raleigh, NC). The animals were housed
individually with free access to food (Lab Diet) and water
and maintained on a reverse 12 h light:12 h dark cycle
(lights were turned on at 6 p.m.) and tested during the animals’
active period (the dark cycle).
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Surgery

Surgeries were conducted as described previously (Ranaldi et
al. 2011). Briefly, rats were anesthetized and silastic catheters
were inserted into the jugular vein. The catheters were passed
subcutaneously to the top of the skull and mounted to the skull
with dental acrylic. The catheter was flushed with heparin
solution (200 U/ml) immediately after surgery and every day
thereafter.

Apparatus

Cocaine self-administration chambers

Cocaine self-administration sessions were conducted in 16
operant conditioning chambers, eight measuring 30×22×27 cm

(l × w × h) and the other eight measuring 26×26×30 cm
(l × w × h ). Each chamber was situated inside a sound-
attenuating box and equipped with two retractable levers
and a white light above each lever. Polyethylene tubing,
covered by a metal tether, connected the animal, through a
fluid swivel, to a syringe in a syringe pump (Razel, 3.33 rpm).

Food self-administration chambers

Training and testing took place in ventilated, sound-attenuated
operant conditioning chambers measuring 30×21×18 cm.
Each chamber contained two levers, one light above each
lever and a food trough. Each lever was positioned 2.5 cm
from the rod floor and the food trough (measuring 5×5 cm)
was centered between the two levers.

Fig. 1 Structures of
phenylpiperazine DAD3 receptor
ligands and SR 21502

Table 1 Comparison of properties of standard ligands and SR 21502

Compound Mol. formula MW CLogPa tPSAa D3 Ki (nM)b D2 Ki (nM)b Selectivity D2 Ki/D3 Ki Reference

BP 897 C26H31N3O2 417.54 4.46 44.81 0.92±0.2 61±0.2 66 Pilla et al. (1999)

NGB 2904 C28H29Cl2N3O 494.46 6.73 35.58 1.4±0.6 217±12 155 Yuan et al. (1998)

2.0±0.4 112±22 56 Grundt et al. (2005)

PG01037 C26H26Cl2N4O 481.42 5.47 47.94 0.7±0.1 93.3±12 133 Grundt et al. (2005)

YQA14 C23H27ClN4O3 442.94 3.66 73.91 0.68×10-4c 335.3±111.6 >4,000,000 Song et al. (2011)
2.11±0.66d 158

SR 21502 C25H32F3N7O 503.56 4.67 75.90 4.2±0.6 511±66 121 Ananthan et al. (2012)

a Lipophilicity (CLogP) and topological polar surface area (tPSA) were calculated using ChemBioOffice Ultra 2010
b Binding affinity at dopamine D3 and D2 receptors as reported in the cited references
c Affinity at the high-affinity binding site
d Affinity at the low-affinity binding site
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Locomotor activity chambers

Locomotor activity chambers measuring 43×43×30 cm
(l × w × h ) were used for the locomotor activity experiments.
Each chamber was equipped with 32 photo-emitters, 16 posi-
tioned along the length and 16 along the width of the chamber,
4 cm above the floor. Each photo-emitter was paired directly
opposite a photocell. Locomotor activity counts were regis-
tered when adjacent beams were broken consecutively.

Drugs

Cocaine, a gift from the National Institute on Drug Abuse
(Bethesda, MD), was dissolved in 0.9 % saline to achieve doses
of 0.375, 0.75, 1.00 and 1.5 mg/kg/injection. SR 21502 was
provided by Southern Research Institute (Birmingham, AL). It
was dissolved in distilled water to achieve doses of 0, 1.875,
3.75, 7.5 and 15mg/kg and administered in volumes of 1ml/kg.

Procedure

Experiment 1. Intravenous cocaine self-administration
under PR schedule of reinforcement

Animals were trained to self-administer cocaine (0.75 mg/kg/
injection) initially under a FR 1 schedule of reinforcement
during daily 3-h sessions. Each session began with a priming
injection, and subsequent drug injections were earned by lever
presses. Responding on the active lever activated the syringe
pump for 4.5 s, causing the intravenous delivery of cocaine
and the onset of a white light above the active lever for 20 s.
Responses on the inactive lever were counted but had no
consequences. The active and inactive levers (left/right)
were counterbalanced across animals. After the animals
demonstrated a steady rate of self-administration for three
consecutive sessions, they were placed on a PR schedule of
reinforcement starting with one of three randomly chosen
doses of cocaine (0.375, 0.75 or 1.5 mg/kg/injection). All
PR sessions—training and tests—were 7 h long. The PR
schedule required an animal to emit progressively more
responses (1, 2, 4, 6, 9, 12, 15, 20…) in order to obtain
successive cocaine infusions during a session (see details in
Richardson and Roberts 1996). Under this schedule, the
requirement for lever pressing becomes so high that even-
tually the animals stop responding and reach a BP. The BP
was operationally defined as the total number of infusions
earned prior to a 1-h period during which no infusions
were obtained. Animals were tested with a dose of the D3
antagonist when they demonstrated stable BPs. Stable BPs
were operationally defined as three consecutive BPs that did
not differ by more than two ratio steps and did not show
descending or ascending trends. On the test day, the animals
were injected with SR 21502 intraperitoneally 10 min prior to

the test session. Each animal was tested with one dose of the
D3 antagonist (doses were 0, 3.75, 7.5 and 15; N values=16,
9, 11 and 14, respectively), randomly determined, at as many
of the three cocaine doses as possible. After a particular test,
the animal’s cocaine dose was changed to one of the others
(randomly determined), and its baseline BP on the new dose
was established.

Experiment 2. Cue-induced reinstatement

Separate groups of animals were trained to self-administer
cocaine (1 mg/kg/injection), initially on a FR1 schedule of
reinforcement during 3-h sessions. Responding on the active
lever activated the injection pump for 4.5 s and turned on the
light cue above the active lever for 20 s. During that 20-s period,
the animals could not self-administer cocaine. Responding on
the inactive lever was counted but had no programmed conse-
quences. The animals remained on the FR1 schedule for the
next five consecutive sessions or until they showed stable
responding. Afterward, animals were placed on a FR3 schedule
of reinforcement for 10 consecutive sessions followed by an
extinction phase. Each extinction session was 3 h long, and
responding on either lever produced no consequences. This
phase continued until extinction criteria were met; extinction
criteria were defined as seven or fewer lever presses per hour on
each of the levers for three consecutive sessions. The following
day, the animals were injected with one of the SR 21502 doses
(0, 1.875, 3.75, 7.5 or 15 mg, N values=7, 8, 8, 8 and 8,
respectively), 20min prior to the onset of the session, and tested
in cue-induced reinstatement. Two presentations of the drug
cues, which consisted of the light (20-s duration) and pump
activation (4.5-s duration) were made 2 min apart at the begin-
ning of the session. Each response on the active lever was
reinforced with the drug cues (but no cocaine). Responding
on the inactive lever produced no consequences.

Experiment 3. Food self-administration under PR schedule
of reinforcement

A different group of animals (n =8) was trained to press a
lever reinforced by food under a FR1 schedule of reinforce-
ment. Each lever press resulted in the delivery of two food
pellets and presentation of the light stimulus for 3 s. When
animals demonstrated learning of the lever press response,
operationally defined as responding for five consecutive
10-min sessions where the total number of rewards per session
was greater than 100, the animals were placed on a PR schedule.
After BPs stabilized (stability defined similarly to cocaine self-
administration described above), the animals were injected with
0 or 3.75 mg/kg of SR 21502 10 min prior to the test session.
Afterward, animals remained on the PR schedule for at least
three sessions and until stable BPs were demonstrated before
being tested with the other dose of SR 21502.
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Experiments 4 and 5. Locomotor activity

Before receiving any drug, the animals were placed in loco-
motor activity chambers for habituation, for 2 h/day on 3
consecutive days. Based on the ranked total locomotor activity
counts observed during the third habituation session, animals
were assigned to one of nine treatment groups. Four groups
were used to determine whether SR 21502 alone altered
locomotor activity and the remaining five groups to determine
whether SR 21502 altered cocaine-induced locomotor
activity. For the SR 21502 alone experiments, each of the four
groups received one of four doses of SR 21502 (0, 3.75, 7.5 or
15 mg/kg, N values=8 for each group) 10 min prior to place-
ment in the activity chambers. For the SR 21502/cocaine exper-
iments, each of four groups were injected with one of the four
doses of the compound (0, 3.75, 7.5 or 15 mg/kg, N values=8,
8, 9 and 8, respectively) and 10 min later received 10 mg/kg of
cocaine as a second injection. The fifth group (N=8) received
the SR 21502 vehicle as the first injection and saline as the
second. All animals were placed in the locomotor activity
chambers immediately after the second injection.

Data analysis

Experiment 1. Cocaine self-administration under a PR
schedule of reinforcement

BP during the test session was expressed as the percentage of
the average BP obtained during the last three baseline ses-
sions. These values and final ratio were analyzed using two
separate two-way analyses of variance (ANOVAs) with SR
21502 and cocaine dose as between-groups factors. Because
not all animals were tested at each level of the cocaine dose
factor, this factor was treated as a between-groups rather than
as a repeated-measures factor, resulting in a more conservative
test. Significant effects were followed by Tukey’s post hoc
tests.

Experiment 2. Cue-induced reinstatement

The numbers of lever presses on the active and inactive levers
during the reinstatement test were analyzed using a two-way
ANOVAwith SR 21502 dose as between-groups and lever as
within-group factors. Any significant interaction was followed
by tests of simple effect of SR 21502 dose on each lever.
Significant effects were followed by Tukey’s post hoc tests.

Experiment 3. Food self-administration under a PR schedule
of reinforcement

Percentages of baseline BPs for PR responding for food were
analyzed using a dependent measures t-test comparing the 0
and 3.75 mg doses of SR 21502.

Experiments 4 and 5. Locomotor activity

The locomotor counts in the SR 21502 alone and SR 21502/
cocaine experiments were analyzed using two separate, mixed-
design ANOVAs with SR 21502 dose (between groups) and
5-min bins (repeated measures) as factors. Significant interac-
tions were followed by tests of simple effects of SR 21502
dose at each time interval.

Results

Experiment 1. Cocaine self-administration under a PR
schedule of reinforcement

SR 21502 caused a dose-related reduction in the percentage
of baseline BPs such that the two higher doses (7.5 and
15 mg/kg) reduced BPs to a greater degree than the
3.75 mg/kg dose (Fig. 2b). The patterns of BP reductions
with the 7.5 and 15 mg/kg doses did not appear different from
each other. A two-way ANOVA on BPs with SR 21502 dose
and cocaine dose as factors revealed significant main effects of
the D3 receptor antagonist (F3,97=13.11, p <0.05) and cocaine
(F2,97=5.52, p <0.05). Tukey’s post hoc comparisons among
SR 21502 doses revealed that the animals receiving 3.75, 7.5 or
15 mg of SR 21502 showed significant reductions in the
percentage of baseline BPs (ps<0.05) compared to vehicle.
The 3.75 mg dose of SR 21502 differed significantly from
the 15 mg dose (p <0.05). We also investigated the effects of
SR 21052 on final ratio. For each dose of SR 21502 responding
under the influence of the antagonist increased as a function of
cocaine dose (Fig. 2b). This was supported by a two-way
ANOVA (SR 21502 dose × cocaine dose) on final ratio data
revealing significant SR 21502 dose and cocaine dose
effects (F3,97=5.14 and F2,97=7.44; ps<0.05, respectively).
Therefore, animals responded at higher rates under the same
dose of the antagonist when cocaine reward was increased,
demonstrating surmountable antagonism.

Experiment 2. Cue-induced reinstatement

Cue-induced reinstatement of responding on the active lever
was reduced with SR 21502 in a manner related to the dose,
the higher the dose the greater the reduction in lever pressing
(Fig. 3). In all groups, active lever pressing was greater than
inactive lever pressing (Fig. 3). These observations were
supported by statistical analyses. A two-way ANOVA showed
a significant dose by lever interaction (F4,35=5.49, p <0.05).
Tests of simple effect of dose at each lever revealed a significant
effect on the active lever (F4,35=15. 5, p<0.05), but not on the
inactive lever. Tukey’s post hoc tests showed that the groups
treated with 3.75, 7.5 and 15 mg of SR 21502 differed signifi-
cantly in responding on the active lever from the vehicle group
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(p values<0.05), and the 1.875 mg dose differed significantly
from the 7.5 and 15 mg (p values<0.05) groups.

Experiment 3. Food self-administration under a PR schedule
of reinforcement

The 3.75 mg dose of SR 21502, the lowest dose that caused a
significant reduction in cocaine BPs (Fig. 2b) and cue-induced

reinstatement (Fig. 3), did not affect food self-administration
under a PR schedule of reinforcement. A repeated-measures t -
test failed to show a significant difference in the percentage of
baseline BP between the 0 and 3.75 mg doses.

Experiments 4 and 5. Locomotor activity

Figure 4a shows the effects of SR 21502 administered alone
on spontaneous locomotor activity. The 3.75 mg dose, which
significantly reduced cocaine BPs and cue-induced reinstate-
ment but had no effect on food BPs, had no effect on sponta-
neous locomotor activity. For the 7.5 and 15 mg doses, loco-
motor activity in the first 5 min of testing was lower than for
the 3.75 and vehicle doses, but this was not significant. A two-
way mixed-design ANOVA with SR 21502 dose (between
groups) and time interval (repeated measures) as factors
showed a significant time effect (F23,621=64.12, p <0.05)
but no other effects or interactions.

Figure 4b shows the effects of SR 21502 on cocaine-
induced locomotor activity. Groups treated with any of the
SR 21502 doses and cocaine showed less locomotor activity
than the vehicle–cocaine group, but not less than the vehicle–
vehicle group, during the first 20 min of the session. This
reduction of cocaine-induced locomotor activity appeared to
be dose-related; the higher SR 21502 doses produced greater

Fig. 2 a Effects of various doses of SR 21502, administered intraperi-
toneally 10 min prior to the start of the session, on BPs of intravenous
cocaine self-administration under a progressive ratio schedule of rein-
forcement. * SR 21502 doses significantly different from vehicle, # dose
of SR 21502 significantly different from 3.75 mg/kg, SR SR 21502. b
Effects of various doses of SR 21502, administered intraperitoneally
10 min prior to the start of the session, on final ratios of intravenous
cocaine self-administration under a PR schedule of reinforcement

Fig. 3 Effects of various doses of SR 21502, administered intraperito-
neally 20 min prior to the start of the session, on cue-induced reinstate-
ment of lever pressing; the cocaine-associated light and pump activation
were presented at the start of the session and again 2 min later. Active
lever presses were reinforced with the light-pump stimulus but not with
cocaine. Inactive lever presses produced no consequences. * Active lever
pressing significantly different from vehicle, + active lever presses sig-
nificantly different from 1.875 mg/kg at p<0.05
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reductions in cocaine-induced locomotion as compared to the
lower doses. A two-way, mixed-design ANOVA with SR
21502 dose (between groups) and time interval (repeated
measures) as factors showed a significant SR 21502 dose by
time interaction (F 92,805=2.9, p <0.05), a significant SR
21502 dose effect (F4,35=5.91, p <0.05) and a significant time
effect (F23,805=73.4, p <0.05). Tests of simple effects of SR
21502 dose at each time interval showed significant dose
effects at the 5-, 10-, 15-, 20-, 30- and 35-min intervals.
Tukey’s post hoc tests revealed that the vehicle–cocaine group
differed significantly from the vehicle–vehicle group at the
10-, 15-, 20-, 30- and 35-min intervals, from the SR 21502
15 mg dose at the 5-, 10-, 15- and 20-min intervals, from
the SR 21502 7.5 mg dose at the 5- and 15-min intervals

and from the SR 21502 3.75 mg dose at the 15-min
interval (p values<0.05).

Discussion

The purpose of the present study was to investigate whether or
not the novel DA D3 receptor antagonist, SR 21502, reduces
cocaine reward and cocaine-seeking in self-administration
procedures. We found that SR 21502 caused a dose-related
reduction in BPs for cocaine under a PR schedule of rein-
forcement.We also found that SR 21502 caused a dose-related
reduction in cue-induced and cue-reinforced responding during
the reinstatement test. Furthermore, the lowest dose of SR

Fig. 4 a Effect of various doses
of SR 21502, administered
intraperitoneally 10 min prior to
the test sessions, on spontaneous
locomotor activity. b Effect of SR
21502, administered
intraperitoneally 10 min prior to
the test sessions, on cocaine-
induced locomotor activity.
Cocaine was administered
intraperitoneally, immediately
prior to the start of the sessions. *
The vehicle–cocaine dose is
significantly different from the
vehicle–vehicle dose, # the
vehicle–cocaine dose is
significantly different from the
15 mg/kg dose, & the vehicle–
cocaine dose is significantly
different from the 7.5 mg/kg dose,
^ the vehicle–cocaine dose is
significantly different from the
3.75 mg/kg dose, SR SR 21502
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21502 that caused a significant reduction in BPs for cocaine
reward and reinstatement did not affect BPs for food reward.
SR 21502 did not significantly affect spontaneous locomotor
activity at any time during the test session. However, SR 21502
did significantly reduce cocaine-induced locomotor activity in
a dose-related fashion.

The reduction in lever pressing for cocaine cannot be
explained as resulting from incapacitation of the lever press
response since rats treated with any one dose of SR 21502
demonstrated that theywere able to produce higher rates of the
lever press response under the same dose of SR 21502 if the
cocaine dose was raised (see Fig. 2b). This suggests that
antagonist-reduced responding was not due to incapacitation
of the lever press response, since greater active lever pressing
was demonstrated under the same doses of antagonist that
reduced responding if motivation to respond was increased
by increasing the cocaine reward magnitude (dose). Also, SR
21502 did not reduce inactive lever pressing in the reinstate-
ment study, suggesting that its effects were selective rather
than nonspecific. Likewise, the reduced active lever pressing
(in the self-administration and reinstatement studies) cannot be
explained by reductions in general motoric activity since none
of the SR 21502 doses caused significant reductions in sponta-
neous locomotor activity. Thus, the best explanation for the
observed reduction in BPs for cocaine is that SR 21502 reduces
cocaine reward. Likewise, the best explanation for the reduced
cue-induced reinstatement of responding is that it reduces
cocaine-seeking. Although SR 21502 failed to significantly
affect spontaneous locomotor activity, it did significantly
reduce cocaine-induced locomotor activity. Finally, we found
that a dose of SR 21502 that caused significant reductions
in BPs for cocaine and cue-induced reinstatement failed to
affect BPs for food reward. All in all, these findings suggest
that this compound’s effects are relatively selective for the
rewarding, incentive motivational and stimulant effects of
cocaine.

The present findings suggest a role for DA D3 receptors in
cocaine reward and are in accord with previous studies showing
cocaine reward reductions by other D3 receptor antagonists.
For instance, SB 277011A, NGB 2904, S33138 and YQA14
have been tested in cocaine self-administration under the PR
schedule of reinforcement (Peng et al. 2009; Song et al. 2011;
Xi and Gardner 2007; Xi et al. 2005) and have been shown to
reduce BPs.

It is difficult to make direct comparisons of the behavioral
effects of these compounds, because different methods and
protocols and doses of cocaine were used for the different tests
in different labs. Nevertheless, we could attempt comparisons
in cases when experimental design features come close. We
found that under the PR schedule, SR 21502 produced as
much as 35 % reduction in BPs at the 0.75 mg/kg dose of
cocaine, an effect that was surmountable by increasing the
dose of cocaine. SB 277011A produced approximately 70 %

reduction on BP when tested at all doses of cocaine (0.25, 0.5
and 1.0 mg/kg; Xi et al. 2005); the absence of surmountable
antagonism makes it difficult to interpret whether these reduc-
tions were cocaine reward deficits or performance deficits. In
reinstatement tests, we found that SR 21502 produced as
much as 40 % reduction in cue-induced reinstatement. SB-
77011A produced asmuch as 80% and NGB 2904 asmuch as
60 % reduction in cue-induced responding (Gilbert et al.
2005). However, our training cocaine dose was higher; we
used an FR3 schedule during training, and our extinction
criteria were less stringent than in the other study making
our baseline reinstatement effect perhaps more resistant to
antagonism. Again, the lack of uniformity among protocols
makes it difficult to make valid comparisons among these
compounds.

The capacity of D3 receptor antagonists to reduce cocaine
reward also has been assessed using the FR1 schedule of
reinforcement; however, the results from such studies remain
inconclusive. Typical reward-attenuating effects of DA antago-
nists on psychostimulant self-administration under FR sched-
ules of reinforcement consist of compensatory increases in self-
administration rate at low antagonist doses and cessation of
responding at higher doses (Caine and Koob 1994; de Wit
and Wise 1977; Ettenberg et al. 1982; Woolverton and Virus
1989). However, NGB-2904 and SB-277011A failed to reduce
cocaine self-administration (Gal and Gyertyan 2003; Xi et al.
2005), while YQA14 produced only decreases in cocaine intake
(Song et al. 2011), making it difficult to conclude that any
antagonist effects were on cocaine reward and not on response
capacity or other related behaviors.

However, a role for D3 receptors in cocaine reward has
been shown in brain stimulation reward (BSR) studies. Acute
administration of SB-277011A or NGB 2904 blocks the
enhancement of BSR by cocaine in rats (Vorel et al. 2002;
Xi et al. 2006). Interestingly, when these D3 receptor
antagonists were administered alone, they failed to affect
BSR thresholds, suggesting that D3 receptor stimulation
itself is not involved in BSR per se but is involved in
cocaine reward. While reductions in BSR thresholds measure
the direct rewarding value of cocaine, cocaine-induced condi-
tioned place preference measures cocaine reward indirectly, by
providing information about the rewarding effects of contextual
cues associated with cocaine. There is evidence that D3 recep-
tor stimulation is involved in expression of cocaine conditioned
place preference; when D3 receptor antagonists were adminis-
tered after conditioning and just prior to the conditioned place
preference test, they blocked the expression of the preference
for the cocaine-paired place (Cervo et al. 2005; Macdonald
et al. 2003; Micheli et al. 2007; Vorel et al. 2002). When the
antagonists were administered prior to conditioning sessions,
but not prior to the preference test, animals either failed to show
the conditioned place preference (Vorel et al. 2002) or did show
the conditioned place preference (Gyertyan and Gal 2003),
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suggesting a blockade or no effect on the acquisition, respec-
tively, of cocaine conditioned place preference by D3 receptor
antagonism. Thus, as in tests of the D3 receptor antagonists in
FR1 cocaine self-administration, tests of the effects of D3
antagonists on cocaine reward, as determined by the acquisition
of a cocaine place preference, remain inconclusive.

Growing evidence indicates that these D3 receptor antago-
nists reduce not only cocaine reward but also cocaine-seeking.
In the reinstatement paradigm, both SB277011A and NGB-
2904 reduce the reinstatement of cocaine-seeking triggered by
cocaine itself (Vorel et al. 2002; Xi and Gardner 2007; Xi et al.
2006), cocaine cues (Gilbert et al. 2005; Xi and Gardner 2007)
or foot-shock stress (Xi et al. 2004). Thus, D3 receptor antago-
nists, under most circumstances, reduce both cocaine reward
and cocaine-seeking. Such findings are congruent with our
results indicating that SR 21502 is effective at reducing incen-
tive motivation to self-administer cocaine and seek it.

A large number of studies indicate that D3 receptors are
involved in reactivity to rewards (i.e., drugs) and to cues that
are associated with rewarding effects of drugs. In humans, such
cues can elicit cravings and lead to relapse (Childress et al.
1988, 1993; Ehrman et al. 1992); in animals, they induce
reinstatement of extinguished drug-seeking responses (Arroyo
et al. 1998; de Wit and Stewart 1981; Shalev et al. 2002). DA
D3 receptor ligands, therefore, by reducing the reinstatement of
drug-seeking, may be effective in preventing cocaine-seeking
in humans (for review, see Heidbreder 2008; Heidbreder and
Newman 2010).

In conclusion, the present findings demonstrate that SR
21502, a novel selective DA D3 receptor antagonist decreases
cocaine reward, cocaine-seeking and cocaine-induced locomo-
tor activity at doses that have no effect on food reward or
spontaneous locomotor activity. Such a behavioral pharmaco-
logical profile—selective reduction of cocaine reward, cocaine-
seeking and stimulant effects—suggests that this compound has
potential as a psychotherapeutic agent for cocaine addiction and
certainly merits further investigation as such.
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