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Abstract
Preclinical studies suggest that dopamine D3 receptor (D3R) antagonists are promising for the
treatment of drug abuse and addiction. However, few D3R antagonists have potential to be tested
in humans due to short half-life, toxicity or limited preclinical research into pharmacotherapeutic
efficacy. Here, we report on a novel D3R antagonist YQA14, which has improved half-life and
pharmacokinetic profile and which displays potent pharmacotherapeutic efficacy in attenuating
cocaine reward and relapse to drug-seeking behavior. Electrical brain-stimulation reward (BSR) in
laboratory animals is a highly sensitive experimental approach to evaluate a drug’s rewarding
effects. We found that cocaine (2 mg/kg) significantly enhanced electrical BSR in rats (i.e.,
decreased stimulation threshold for BSR), while YQA14 alone had no effect on BSR. Pretreatment
with YQA14 significantly and dose-dependently attenuated cocaine-enhanced BSR. YQA14 also
facilitated extinction from drug-seeking behavior in rats during early behavioral extinction, and
attenuated cocaine- or contextual cue-induced relapse to drug-seeking behavior. YQA14 alone
does not maintain self-administration in either naïve rats or in rats experienced at cocaine self-
administration. YQA14 also inhibited expression of repeated cocaine-induced behavioral
sensitization. These findings suggest that YQA14 may have pharmacotherapeutic potential in
attenuating cocaine-taking and cocaine-seeking behavior. Thus, YQA14 deserves further
investigation as a promising agent for treatment of cocaine addiction.
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1. Introduction
Cocaine addiction is a serious public health problem that is very difficult to treat due to high
rates of relapse after abstinence. No effective pharmacotherapies are currently available to
treat cocaine addiction in humans. The mesolimbic dopamine (DA) system originates in the
midbrain ventral tegmental area (VTA) and projects to the nucleus accumbens (NAc) and
prefrontal cortex (PFC); it is believed that this pathway is essential for both drug reward and
relapse to drug-seeking behavior (Swanson, 1982, Wise, 1996, Luscher and Malenka, 2011).
As cocaine significantly enhances extracellular DA by inhibiting the dopamine transporter,
pharmacological blockade of DA transmission has been proposed to be effective in treating
cocaine addiction (Di Chiara and Imperato, 1988, Torregrossa and Kalivas, 2008).
Therefore, much attention has focused on various DA receptor antagonists as potential
treatments for cocaine addiction (Heidbreder et al., 2005, Gorwood et al., 2012). In
particular, interest has focused on the DA dopamine D3 receptor (D3R) since it is very
locally and very highly expressed in the mesolimbic DA system (Bouthenet et al., 1991,
Diaz et al., 1995, Heidbreder and Newman, 2010) and because a history of cocaine-taking
behavior is associated with significant D3R alterations (Staley and Mash, 1996,
Neisewander et al., 2004, Conrad et al., 2010). In fact, it has been proposed that highly
selective D3R blockade may attenuate cocaine’s addictive effects with fewer, if any,
unwanted effects (Sokoloff et al., 1992, Xi and Gardner, 2007, Song et al., 2012b).

To date, a number of D3R antagonists have been synthesized and tested in animal models of
addiction. These compounds include SB-277011A, NGB2904, BP-897, S-33138 and
PG-01037 (Yuan et al., 1998, Pilla et al., 1999, Reavill et al., 2000, Grundt et al., 2005, Peng
et al., 2009, Higley et al., 2011, Song et al., 2012a). To date, SB277011A is the most well-
studied D3R antagonist in multiple animal models of addiction, but further development of
SB-277011A has been terminated due to problematic pharmacokinetics (particularly shorter
half-life, ~30 min in primates) and toxicity problems (Macdonald et al., 2003). We have
recently reported on a D3R antagonist – YQA14 –, which displays similar or higher affinity
and selectivity than SB-277011A for D3Rs over D2Rs (Song et al., 2012a). Compared to
SB-277011A, YQA14 has improved oral bioavailability (>40%) and longer half-life (>2 h)
in the same human hepatic microsomal enzyme assays (unpublished data). Systemic
administration of YQA14 significantly inhibits cocaine self-administration under both fixed-
ratio (FR2) and progressive-ratio (PR) reinforcement conditions, but has no effect on oral
sucrose self-administration and locomotor activity (Song et al., 2012a), suggesting that
YQA14 may have translational potential for the treatment of drug addiction in humans.

However, it remains unclear whether YQA14 has similar anti-cocaine effects as SB277011A
in other animal models of addiction such as intracranial brain-stimulation reward, cocaine-
or cue-induced reinstatement of drug-seeking behavior, and cocaine-induced behavioral
sensitization. Therefore, in the present study, we investigated: 1) whether YQA14-induced
D3R blockade attenuates cocaine-enhanced BSR; 2) whether YQA14 facilitates extinction
from previous cocaine self-administration; 3) whether YQA14 inhibits cocaine- or cue-
triggered reinstatement (relapse) to drug-seeking behavior; 4) whether YQA14 inhibits
repeated cocaine-induced behavioral sensitization; and 5) whether YQA14 itself supports
intravenous self-administration in rats experienced at cocaine self-administration.

2. Materials and methods
2.1 Animals

Male Long–Evans rats (Charles River Laboratories, Raleigh, NC) weighing 250–300 g were
used. They were housed individually in a climate-controlled animal colony room on a
reversed light/dark cycle with access to food and water ad libitum. All experiments were
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conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the
United States National Academy of Sciences and were approved by the Animal Care and
Use Committee of the National Institute on Drug Abuse.

2.2 Electrical brain-stimulation reward (BSR)
Surgery—Rats were anesthetized with sodium pentobarbital (65 mg/kg i.p.) and placed in
a stereotaxic frame, and a monopolar stainless-steel stimulating electrode (Plastics One,
Roanoke, VA, USA) was placed unilaterally into the lateral hypothalamus using standard
aseptic surgical and stereotaxic techniques. The implant coordinates for the tips of the
electrodes were AP −2.56, ML±1.9, and DV −8.6, according to the rat brain stereotaxic atlas
of Paxinos and Watson (1998). The electrode was attached to the skull with jeweler’s screws
and dental acrylic. A wire leading from the electrode was wrapped around a skull screw to
serve as a current return.

Apparatus—The experiments were conducted in standard Med Associates operant
chambers (32×25×33 cm). Each operant chamber had a lever located 6.5 cm above the floor,
connected to an electrical stimulator.

General procedure—The general procedures for electrical BSR were the same as we
have reported previously (Vorel et al., 2002, Hayes et al., 2003, Xi et al., 2006). Briefly,
after 7 days of recovery from surgery, rats were allowed to self-train (auto shape) to lever-
press for rewarding BSR. Each press on the lever resulted in a 500-ms train of 0.1-ms
rectangular cathodal pulses through the electrode in the rat’s lateral hypothalamus, followed
by a 500 ms ‘timeout’ in which further presses did not produce brain stimulation. The initial
stimulation parameters were 72 Hz and 200 mA. If the animal did not learn to lever-press,
the stimulation intensity was increased daily by 50 mA until the animal learned to press (45–
60 responses/30 s) or a maximum of 800 mA was reached. Animals that did not lever-press
at 800 mA or in which the stimulation produced unwanted effects (e.g., gross head or body
movements, spinning, vocalization, or jumping) were removed from the experiment.

Rate-frequency BSR procedure—Following establishment of lever-pressing for BSR,
animals were presented with a series of 16 different pulse frequencies, ranging from 141 to
25 Hz in descending order. At each pulse frequency, animals responded for two 30-s time
periods (‘bins’), following which the pulse frequency was decreased by 0.05 log units.
Following each 30-s bin, the lever retracted for 5 s. Throughout the experiments, animals
were run for three sessions a day. Response rate for each frequency was defined as the mean
number of lever responses during two 30-s bins. Since lever-pressing behavior was variable
during the first session (the ‘warm-up’ session), but was stable during the second and third
sessions, the data from the first session were discarded, and the data from the second and
third sessions were designated as the baseline session data and test session data,
respectively. The BSR threshold (θ0) was defined as the minimum frequency at which the
animal responded for rewarding stimulation.

Testing the effects of cocaine and/or YQA14 on BSR—Once a baseline θ0 value
was achieved (<15% variation over 5 continuous days), the effects of cocaine and/or
YQA14 on BSR were assessed. On test days, animals randomly received one of three
different doses of YQA14 (12.5, 25 mg/kg i.p.) or vehicle (1 ml 25% 2-hydroxypropyl-β-
cyclodextrin) 30 min prior to a cocaine injection (2 mg/kg i.p.). After each test, animals
received an additional 5–7 days of BSR re-stabilization until a new baseline θ0 was
established. The order of testing for various doses of YQA14 was counterbalanced. The
effect of YQA14 on cocaine enhanced BSR was evaluated by comparing cocaine-induced
alterations in θ0 value in the presence or absence of each dose of YQA14 pretreatment.
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2.3 Cocaine or YQA14 Self-Administration
Surgery—Intravenous (i.v.) catheters were constructed of microrenathane (Braintree
Scientific Inc., Braintree, MA, USA). Rats were anesthetized with sodium pentobarbital (65
mg/kg i.p.), and an i.v. catheter was inserted into a jugular vein using standard aseptic
surgical procedures. During experimental sessions, the catheter was connected to an infusion
pump via tubing encased in a protective metal spring from the head-mounted connector to
the top of the experimental chamber. To prevent clogging, catheters were flushed daily with
a gentamicin-heparin-saline solution (30 IU/ml heparin; ICN Biochemicals, Cleveland, OH).

Apparatus—Intravenous (i.v.) self-administration experiments were conducted in operant
response test chambers (32 × 25 × 33 cm) from Med Associates Inc. (Georgia, VT, USA).
Each test chamber had 2 levers: 1 active and 1 inactive, located 6.5 cm above the floor.
Depression of the active lever activated the infusion pump; depression of the inactive lever
was counted but had no consequence. A cue light and a speaker were located 12 cm above
the active lever. The house light was turned on at the start of each 3 hr test session.
Scheduling of experimental events and data collection was accomplished using Med-
Associates software.

Cocaine self-administration—After recovery from surgery, each rat was placed into a
test chamber and allowed to lever-press for i.v. cocaine (1 mg/kg/infusion) delivered in 0.08
ml over 4.6 sec, on a fixed ratio 1 (FR1) reinforcement schedule. Each cocaine infusion was
associated with presentation of a stimulus light and tone. During the 4.6 sec infusion time,
additional responses on the active lever were recorded but did not lead to additional
infusions. Each session lasted 3 hr. FR1 reinforcement was used for 3–5 days until stable
cocaine self-administration was established: a minimum of 20 presses on the active lever per
test session and stability criterion of less than 10% variability in inter-response interval, less
than 10% variability in number of infusions taken, and less than 10% variability in number
of presses on the active lever for at least 3 consecutive days. Then subjects were allowed to
continue cocaine (0.5 mg/kg/infusion) self-administration under FR2 reinforcement. The
dose of cocaine was chosen based on previous studies showing that 0.5 mg/kg/infusion of
cocaine lies within the middle range of the descending limb of the cocaine dose-response
self-administration curve, where reliable dose-dependent effects can be observed (Xi et al.,
2005). In addition, we chose 0.5 mg/kg, rather than 1 mg/kg, of cocaine in order to increase
the work demand (i.e., lever presses) of the animals for the same amount of drug intake. In
our experience, this approach increases the sensitivity of measuring changes in drug-seeking
behavior. To avoid cocaine overdose during the self-administration period, each animal was
limited to a maximum of 50 cocaine injections per 3hr session.

YQA14 self-administration—Two additional groups of animals were used for YQA14
(0.5 mg/kg/infusion) self-administration or cocaine self-administration followed by YQA14
substitution for cocaine. The experimental procedures for YQA14 self-administration were
the same as for cocaine self-administration except that YQA14 was substituted for cocaine.
In the latter group of rats, after stable cocaine self-administration was established for at least
3 consecutive days, the animals were divided into 2 subgroups (n=6 each): 1) cocaine was
replaced by YQA14 (0.5 mg/kg/infusion); and 2) cocaine was replaced by YQA14 (1.0mg/
kg/infusion). Since animals might take several days to support self-administration for a
novel reinforcer, each replacement test was continued for 7 days.

2.4 Relapse to Drug-Seeking Behavior
Testing the effects of YQA14 on extinction responding—After stable cocaine self-
administration was established as described above, animals were divided into three groups
for behavioral extinction of the cocaine-taking behavior. Each group of rats received either
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the vehicle (25% 2-hydroxypropyl-β-cyclodextrin) or one dose of YQA14 (12.5 and 25 mg/
kg i.p.) 30 min before each daily extinction session for 8 days. Extinction conditions
consisted of cocaine being replaced by saline, and the cocaine-associated cue-light and tone
being turned off. Active lever-pressing led only to saline infusion. Daily 3 h extinction
sessions for each rat continued until lever presses ≤ 10 times per 3 h session for at least 3
consecutive days. The effects of YQA 14 on extinction responding were evaluated.

Testing the effects of YQA14 on cocaine- triggered reinstatement of drug-
seeking behavior—After stable cocaine self-administration was established, additional
groups of animals were exposed to the extinction conditions, in which cocaine was replaced
by saline, and the cocaine-associated cue-light and tone were turned off. Active lever-
pressing led only to saline infusion. Daily 3 h extinction sessions for each rat continued until
lever presses ≤ 10 times per 3 h session for at least 3 consecutive days. On the reinstatement
test day, each group of rats received either the vehicle (25% 2-hydroxypropyl-β-
cyclodextrin) or one dose of YQA14 (12.5 and 25 mg/kg i.p.). At 30 min after vehicle or
YQA14 administration, all rats were given a priming injection of cocaine (10 mg/kg i.p.)
immediately before reinstatement testing began in the same self-administration chambers.
During the reinstatement test, lever-pressing responses did not lead to either cocaine
infusions or presentation of the conditioned cues. Reinstatement test sessions lasted 3h.
Cocaine-induced lever-pressing responses were recorded and compared between different
dose groups of rats

Testing the effects of YQA14 on contextual cue-induced cocaine-seeking
behavior—After stable cocaine self-administration was achieved, additional groups of rats
were used to assess contextual cue-induced cocaine-seeking behavior. After 14 days of
withdrawal from cocaine self-administration, animals were divided into 3 dose groups (0,
12.5, 25 mg/kg YQA14). At 30 min after injection on the test day, the rats were re-placed
into the same self-administration chambers, and contextual cue-induced cocaine-seeking
behavior was assessed under extinction conditions during which cocaine and the cocaine-
associated cue light and tone were unavailable, and therefore, lever pressing did not result in
any consequence. Each reinstatement test lasted for 3h.

2.5 Cocaine-induced behavioral sensitization
Before receiving cocaine or YQA14, rats were placed in a locomotor detection chamber
(Accuscan, Columbus, OH, USA) for habituation for 1 hour per day for 3 days. Rats were
then divided into three groups. One group of rats were used to study the effects of daily
administration of YAQ14 (0, 12.5, 25 mg/kg/day, 20 min prior to cocaine, n=8 per group)
on acquisition of cocaine (15 mg/kg/day × 7 days)-induced locomotor sensitization. The
second group of rats were used to study the effects of a single injection of YQA14 (0, 12.5,
25 mg/kg, n=9–12 per dose group) on expression of cocaine-induced locomotor sensitization
in rats 7 days after the last cocaine injection. The third group of rats were used to study the
effects of repeated administration of YQA14 (25 mg/kg × 7 days) alone on basal locomotor
activity. On the test day, rats were placed into the locomotion detection chambers to
measure locomotion immediately after received 10 mg/kg cocaine or YQA14. Total distance
counts were used to evaluate the effect of YQA14 on basal and cocaine-induced behavioral
sensitization.

2.6 Drugs
Cocaine HCl (Sigma Chemical Co., Saint Louis, MO, USA) was dissolved in physiological
saline. YQA-14 was synthesized at the Beijing Institute of Pharmacology and Toxicology
and dissolved in vehicle, i.e., 25% 2-hydroxypropyl-β-cyclodextrin (Sigma, St Louis, MO).
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2.7 Data analysis
All data are presented as means (±SEM). One- or two-way analysis of variance (ANOVA)
was used to analyze the data reflecting the effects of YQA14 on brain stimulation reward or
on cocaine-self-administration in rats. Individual group comparisons were performed with
the Student-Newman-Keuls method.

3. RESULTS
3.1 YQA14 inhibits cocaine-enhanced BSR

As we reported before (Xi et al., 2006), systemic administration of cocaine (1, 2, and 10 mg/
kg, i.p.) produced significant and dose-dependent enhancement of BSR indicated by a
decrease in BSR threshold (θ0 value) (Fig. 1A, 1B). In the present research, we chose the
median dose of 2 mg/kg cocaine, which produced a significant decrease in BSR threshold in
rats (Fig. 1B). Pretreatment with YQA14 (12.5, 25 mg/kg, i.p.) significantly inhibited the
enhanced BSR produced by 2 mg/kg of cocaine (Fig. 1C). YQA14 alone (12.5, 25 mg/kg,
i.p.) had no effect on BSR (Fig. 1D, F2, 22=1.12, p=0.33). However, one way-ANOVA for
the data shown in Fig. 1C revealed a significant YQA14 treatment main effect on cocaine-
enhanced BSR (F2, 30=6.21, p<0.01). Individual group comparisons revealed a statistically
significant reduction in cocaine-enhanced BSR after 25 mg/kg YQA14 (q=4.98, p<0.01)
when compared to vehicle group.

3.2 YQA14 does not maintain self-administration
Figure 2 shows the results of the YQA14 self-administration tests. Figure 2A shows that
cocaine (0.5 mg/kg, i.v.) quickly produced robust self-administration behavior. YQA14, at
the same or higher dose (0.5 or 1.0 mg/kg/injection), failed to produce self-administration
behavior under the same experimental conditions in drug naïve rats. Figure 2B shows that
the same doses of YQA14 were also unable to replace cocaine in maintaining self-
administration behavior in rats (n=8) already displaying behaviorally stable cocaine self-
administration under FR1 reinforcement conditions. Compared to the stable pattern of self-
administration maintained by cocaine, YQA14 substitution failed to maintain stable self-
administration. Instead, gradual extinction behavior was observed. This pattern of extinction
was essentially identical to saline substitution for cocaine, as we reported previously (Xi et
al., 2006). Two-way ANOVA for repeated measures over time revealed a significant time
main effect (F2, 21=58.91, p<0.001), showing that YQA14 does not maintain self-
administration in cocaine self-administration rats.

3.3 YQA14 facilitates extinction of cocaine-seeking behavior
Figure 3 shows responses on active and inactive levers in the presence of vehicle or YQA14
pretreatment under extinction conditions in which drug and drug-associated cues were
unavailable. Daily YQA14 (12.5, 25 mg/kg, i.p.) treatment significantly facilitated
extinction from cocaine-seeking behavior. Two-way ANOVA for repeated measures
revealed a statistically significant YQA14 treatment main effect on active lever presses (Fig.
3A, F2, 184=33.3, p<0.001), but not on inactive lever presses (Fig. 3B, F2, 184=0.68, p>0.05)
during extinction.

3.4 YQA14 inhibits cocaine-triggered reinstatement of drug-seeking behavior
Figure 4 shows total numbers of active lever presses observed during the last session of
cocaine self-administration, the last session of extinction, and the reinstatement test session
in two different YQA14 dose groups. A single non-contingent cocaine prime (10 mg/kg)
evoked robust reinstatement of cocaine-seeking behavior in rats extinguished from previous
cocaine self-administration (Fig. 4A). Pretreatment with YQA14 (12.5, 25 mg/kg)
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significantly attenuated cocaine-triggered reinstatement of drug-seeking behavior by ~60%
(Fig. 4A, F2, 46=8.98, p<0.001). Individual group comparisons revealed a statistically
significant reduction in cocaine-seeking behavior after 12.5 mg/kg YQA14 (t=3.25, p<0.01)
or 25 mg/kg YQA14 (t=3.55, p<0.01), when compared to vehicle control group. In contrast,
YQA14 pretreatment did not alter inactive lever response under the same experimental
conditions (Fig. 4B, F2, 46=0.24, p>0.05), suggesting a specific effect on cocaine-induced
drug-seeking behavior.

3.5 YQA14 inhibits contextual cue-induced cocaine-seeking behavior
Figure 5 shows lever responses on both active and inactive levers in rats after 14 days of
withdrawal from cocaine self-administration. Pretreatment with YQA14 (12.5, 25 mg/kg) on
the test day significantly and dose-dependently attenuated contextual cue-induced cocaine-
seeking behavior. One-way ANOVA revealed a statistically significant YQA14 treatment
main effect on active lever presses (Fig. 5A, F2, 15=5.60, p<0.05). Individual group
comparisons revealed a significant reduction in active lever pressing after 25 mg/kg (q=4.52,
p<0.05), when compared to vehicle control group. In contrast, systemic administration of
YQA14 did not alter inactive lever responses (Fig. 5B, F2, 15 = 1.22, p>0.05).

3.6 YQA14 inhibits cocaine-induced locomotor sensitization
Figure 6A shows that pretreatment with YQA14 (12.5, 25 mg/kg), administered 20 min
prior to each cocaine injection for 7 days, did not produce a statistically significant
inhibitory effect on acquisition of repeated cocaine-induced locomotor sensitization. Two-
way ANOVA for repeated measures over time revealed a statistically significant time main
effect (F6,126 = 5.16, p<0.001), but non-significant YQA14 treatment main effect (F2, 21 =
2.83, p>0.05) nor treatment × time interactions (F6,126 = 1.28, p>0.05). Repeated
administration of YQA14 alone failed to alter spontaneous locomotion when compared to
the basal levels of locomotion after saline injection (Fig. 6A, F9,36 = 0.39, p>0.05). Figure
6B shows that pretreatment with YQA14 significantly inhibited the expression of cocaine-
induced locomotor sensitization measured 7 days after the last cocaine injection (F2,27 =
41.40, p<0.05).

4. DISCUSSION
In the present study, we found that systemic administration of YQA14, a novel potent and
selective D3R antagonist significantly attenuates cocaine’s rewarding effects, as assessed by
electrical BSR, and relapse to drug-seeking behavior triggered by cocaine priming or
contextual environmental cues. In addition, YQA14 also facilitated extinction from drug-
seeking behavior (e.g., decreased extinction responding in the absence of cocaine) and
inhibited expression of cocaine-induced locomotor sensitization. YQA14 itself had no
reinforcing effect in naïve rats nor in rats previously experienced at cocaine self-
administration, and did not by itself produce any significant effect on BSR or locomotion.
Together, these data suggest that D3Rs play a critical role in cocaine-induced reward and
relapse, and that YQA14 or other D3R antagonists show exceptional promise of having
therapeutic potential in the treatment of cocaine dependence.

We have previously reported that YQA14 significantly inhibits cocaine self-administration
in rats and mice, an effect mediated by selective blockade of D3Rs based on findings in D3R
gene-deleted (KO) mice (Song et al., 2012a, Song et al., 2012b). To further explore this
finding, we here used the BSR paradigm to study the pharmacological effects of YQA14 on
cocaine’s rewarding effects. BSR is a highly sensitive experimental procedure to assess
whether a substance is rewarding/pleasurable or aversive/dysphoric (Stein and Ray, 1960,
Gardner, 2005, Wise RA, 2004). In the present study, we found that systemic administration
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of cocaine (2 mg/kg) significantly and dose-dependently enhanced BSR, consistent with our
previous reports (Xi et al., 2006, Xi et al., 2008, Xi et al., 2010). Pretreatment with YQA14
significantly inhibited this enhanced BSR, suggesting a reduction in cocaine’s rewarding
effects after YQA14 pretreatment. This result is consistent with our previous finding that
YQA14, at the same doses, inhibits cocaine self-administration (Song et al., 2012a). It is
also consistent with our findings that blockade of brain D3Rs by SB-277011A, NGB2904,
PG01037, or S33138 significantly attenuates cocaine- or methamphetamine-enhanced BSR
in rats (Vorel et al., 2002, Xi et al., 2006, Peng et al., 2009, Higley et al., 2011). Moreover,
YQA14 itself produced neither a rewarding or aversive effect as assesses by BSR. This is
congruent with our previous findings with NGB2904 and SB-277011A (Vorel et al., 2002,
Xi et al., 2004, Xi et al., 2006, Campos AC, 2004). Taken together, all these data strongly
support the conclusion that selective D3R antagonists are effective in reducing cocaine’s
rewarding efficacy, while themselves having no unwanted rewarding or aversive effects.

In addition, the present study, for the first time, demonstrates that repeated daily
administration of YQA14 significantly accentuates behavioral extinction from daily cocaine
self-administration. This reduction was not due to sedation or locomotor impairment since
repeated administration of YQA14 alone for 7 days did not produce significant effects on
basal and cocaine-enhanced locomotion. The neuronal mechanisms underlying this effect
are unclear. Since extinction responding is measured in drug self-administration chambers
that were previously associated with cocaine-taking behavior, it has been proposed that
extinction responding is maintained predominantly by drug-associated environmental cues
(Bouton, 2002, Shalev et al., 2002a, Quirk and Mueller, 2008, Nic Dhonnchadha and
Kantak, 2011, Xue et al., 2012). It is well documented that drug-associated cues can increase
DA (and glutamate) release in the mesolimbic DA system, especially in the NAc (Ito et al.,
2000, Volkow et al., 2006, Day et al., 2007, Volkow et al., 2008, Aragona et al., 2009). This
may well explain why blockade of D3Rs by YQA14 facilitates extinction of cocaine self-
administration behavior in the present study.

Cocaine addiction is well characterized by a persistent susceptibility to drug relapse. Drug
re-exposure has been identified as one of the most important determinants of relapse in
humans and in experimental animals (Shaham and Stewart, 1994, Shalev et al., 2000,
Stewart, 2000). Using a classical reinstatement model, we found that pretreatment with
YQA14 significantly attenuated cocaine-triggered reinstatement of cocaine-seeking
behavior. This finding is consistent with previous research using other D3R antagonists
(Vorel et al., 2002, Gal and Gyertyan, 2006, Xi et al., 2006, Peng et al., 2009, Higley et al.,
2011).

In addition, we also found that systemic administration of YQA14 significantly inhibited
contextual cue-induced relapse to cocaine-seeking behavior. In this model, animals are
withdrawn from cocaine self-administration without behavioral extinction of the previously-
reinforced operant responding. After 2 weeks of withdrawal in their home cages, animals are
re-exposed to the environmental context previously paired with drug self-administration,
i.e., the self-administration chambers. Subsequent operant responding (e.g., drug-seeking)
leads to no consequence (no drug, no conditioned cue light or tones) (Grimm et al., 2003).
This procedure has been thought to model contextual cue-induced drug-seeking behavior in
humans (Lu et al., 2004). As stated above, the mesolimbic DA system is critically involved
in cocaine- or cue-induced drug-seeking behavior (Shalev et al., 2002b, Kalivas and
McFarland, 2003). In addition, growing evidence suggests that brain D3Rs (particularly in
the NAc) are up-regulated in rats after prolonged withdrawal from chronic cocaine self-
administration in both experimental animals and humans (Staley and Mash, 1996,
Neisewander et al., 2004, Conrad et al., 2010). Accordingly, blockade of D3Rs might well
be explained to antagonize cocaine- or cue-induced cocaine-seeking behavior. This is
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consistent with the present findings. It is also consistent with our recent report that
microinjections of SB-277011A into the NAc or amygdala significantly inhibited contextual
cue-induced cocaine seeking under the same experimental conditions (Xi et al., 2012).

Another important finding of the present study is that YQA14 cannot induce or maintain
self-administration in drug naïve rats or substitute for cocaine in the self-administration
paradigm. It also failed to alter electrical BSR, suggesting that it has neither rewarding nor
aversive effects by itself. This is consistent with our previous study with another D3R
antagonist NGB2904 (Xi et al., 2006).

In conclusion, the present study demonstrates that YQA14 attenuates cocaine’s rewarding
effects, facilitates extinction from drug-seeking, inhibits cocaine- or cue-induced relapse to
drug-seeking behavior, and attenuates cocaine-induced behavioral sensitization. YQA14 by
itself has no apparent sedative, rewarding or aversive effects. These data suggest that
YQA14 or other selective D3 receptor antagonists may be promising as pharmacotherapetic
agents for treating cocaine addiction.
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Highlights

YQA14 attenuates cocaine-enhanced brain-stimulation reward

YQA14 facilitates extinction from cocaine-seeking behavior

YQA14 attenuates cocaine- or cue-induced relapse to drug-seeking behavior

YQA14 inhibits cocaine-induced behavioral sensitization

YQA14 itself has no addictive effects
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Figure 1.
Effects of YQA14 on cocaine-enhanced BSR in rats. A: A representative rate-frequency
function curve for BSR, illustrating BSR stimulation threshold (θ0), M50 and Ymax; B:
Representative rate-frequency function curves for BSR, illustrating that cocaine (2 mg/kg,
i.p.) shifted the rate-frequency function curve to the left, lowering the BSR threshold θ 0
value (i.e., enhancing BSR), without a change in the Ymax level. C: Systemic administration
of YQA14 dose-dependently decreased cocaine-enhanced BSR. D: Systemic administration
of YQA14 alone had no effect on basal BSR. **p<0.01 compared to vehicle control group.
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Figure 2.
Cocaine and YQA14 self-administration. Intravenous administration of cocaine, but not
YQA14, induced self-administration in drug naïve rats (A). YQA14 substitution for cocaine
failed to maintain drug self-administration behavior in rats previously self-administering
cocaine. ***p<0.001 compared to vehicle control group.
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Figure 3.
Effects of YQA14 on drug-seeking behavior during extinction. Systemic administration of
YQA14 dose-dependently decreased active lever presses (A), but not inactive lever presses
(B), in rats during extinction conditions in which cocaine or cocaine-associated cue-light and
tone were not available. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle control group.
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Figure 4.
Effects of YQA14 on cocaine-triggered reinstatement of drug-seeking behavior. Systemic
administration of YQA14 (12.5 or 25 mg/kg i.p., 20 min prior to test) significantly inhibited
cocaine-triggered reinstatement of drug-seeking behavior in rats extinguished from daily
cocaine self-administration. ***p<0.001, when compared with the vehicle pretreatment
group.
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Figure 5.
Effects of YQA14 on contextual cue-triggered cocaine-seeking behavior. Systemic
administration of YQA14 (12.5 or 25 mg/kg, i.p., 20 min prior to test) significantly inhibited
contextual cue-triggered drug-seeking behavior in rats after 14 days of withdrawal from
previous cocaine self-administration. *p<0.05, when compared with the vehicle pretreatment
group.
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Figure 6.
Effects of YQA14 on basal level of locomotion and cocaine-induced behavioral
sensitization. A: Pretreatment of YQA14 (12.5, 25 mg/kg, i.p., 20 min prior to each cocaine
injection) did not produce a statistically significant inhibition on acquisition of cocaine-
induced locomotor sensitization. Repeated administration of YQA14 (25 mg/kg) alone also
failed to alter basal levels of locomotion. B: A single injection of YQA 14 (12.5, 25 mg/kg,
i.p.) significantly inhibited expression of cocaine-induced locomotor sensitization in rats 7
days after the last cocaine injection.
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