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Selective dopamine D3 receptor antagonist YQA14 inhibits
morphine-induced behavioral sensitization in wild type,
but not in dopamine D3 receptor knockout mice
Yang Lv1,2, Rong-rong Hu3, Manyi Jing2, Tai-yun Zhao2, Ning Wu2, Rui Song2, Jin Li2 and Gang Hu1

Increasing preclinical evidence demonstrates that dopamine D3 receptor (D3R) antagonists are a potential option for the treatment
of drug addiction. The reinstatement of the addiction can be triggered by environmental stimuli that acquire motivational salience
through repeated associations with the drug’s effects. YQA14 is a novel D3R antagonist that has exhibited pharmacotherapeutic
efficacy in reducing cocaine and amphetamine reward and relapse to drug seeking in mice. In this study we investigated the effects
of YQA14 on morphine-induced context-specific locomotor sensitization in mice. We showed that repeated injection of YQA14
(6.25–25mg/kg every day ip) prior to morphine (10 mg/kg every day sc) not only inhibited the acquisition, but also significantly
attenuated the expression of morphine-induced locomotor sensitization. Furthermore, in the expression phase, one single injection
of YQA14 (6.25–25mg/kg, ip) dose-dependently inhibited the expression of morphine-induced behavioral sensitization. Moreover,
YQA14 inhibited the expression of morphine-induced behavioral sensitization in wild mice (WT), but not in D3R knockout (D3R−/−)
mice in the expression phase. In addition, D3R−/− mice also displayed the reduction in the expression phase compared with WT
mice. In summary, this study demonstrates that blockade or knockout of the D3R inhibits morphine-induced behavior sensitization,
suggesting that D3R plays an important role in the pathogenesis and etiology of morphine addiction, and it might be a potential
target for clinical management of opioid addiction.
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INTRODUCTION
Opioids, as potent analgesic drugs, are used for treating
postoperative and cancer pain in clinical practice; however, the
chronic use of morphine may lead to addiction, which induces
harmful, long-lasting health consequences. Historically, opioid
addiction has had greatly high rates in China. According to The
Annual Report of Drug Abuse Monitoring in China in 2016, more
than 45% of the addicts were opioid addicts [1]. Although several
pharmacotherapies have been approved for the treatment of
opioid addiction, such as methadone or buprenorphine [2, 3], they
still have limits in the clinic [2, 4], including potential addiction
and limited respiratory depression. Nevertheless, the development
of novel, safer and more effective non-opioid medications for
the treatment of prescription opioid abuse is a significant task.
Drug addiction is characterized by a high risk of relapse,

which can persist for a lifetime. Usually, this is elicited by the
environmental stimuli previously associated with the effects of
abused drugs [5, 6]. In animal studies, drug-induced locomotor
sensitization is a well-established addiction model with good
construct validity to investigate the process and mechanisms
related to drug addiction [7]. Behavioral sensitization in the paired

environment is commonly referred to as context-dependent
sensitization. This sensitization is hypothesized to be due to
aberrant learning processes in specific areas of the brain
dopamine system due to chronic exposure to drugs of abuse
[8–10]. The dopamine D3 receptor (D3R) is located in limbic areas,
which suggests that D3R may be involved in several processes,
such as behavioral sensitization, motivation, emotion, and learning
[11–13]. In previous research, it was found that D3R was involved
in the reactivity to drug-associated stimuli. The upregulation of
D3R happened in animals receiving cocaine or morphine
repeatedly in the context that was associated with the cocaine,
but not in their home cages [14, 15]. Selective D3R ligands, such as
BP897 and SB-277011A, could reduce conditioned locomotor
activity induced by amphetamine and cocaine, respectively
[14, 16]. In addition, Li’s study showed that deletion of D3R
displayed deficits in the acquisition of morphine-induced beha-
vioral sensitization [17]. The knockout of D3R from the embryo
phase, however, may induce a compensatory adaptation, so the
results of D3R−/− mice would accurately clarify the role in the
behavioral sensitization. The acute administration of SB-277011A
decreased the expression of morphine-induced behavior
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sensitization in the expression phase [15]; however, the clinical
translation of SB-277011A has been terminated because of the
pharmacokinetic and toxicity problems. In addition, it was
reported that the novel dopamine D3 receptor antagonists/partial
agonists CAB2-015 and BAK4-54 inhibited oxycodone-taking and
oxycodone-seeking behavior in rats self-administration [18].
Whether the effects of CAB2-015 and BAK4-54 on opioid addiction
are through D3R in vivo is still unknown. Based on the above
literature review, D3R is involved in drug-conditioned responses,
and comprehensive research is still needed to investigate the role
of D3R in every phase of the morphine-induced morphine
sensitization with the highly D3R selective antagonist.
YQA14 is a patented, selective D3 antagonist designed and

synthesized by our institute. Our previous studies indicated
that YQA14 exhibited a high affinity for D3R with two binding
sites, Ki-High (0.68 × 10-4 nM) and Ki-Low (2.11 nM), displaying
approximately 5,000,000-fold (high affinity) and 150-fold
(Low affinity) selectivity over D2R [19]. Furthermore, we
have also found that YQA14 does not bind to opioid receptors
(δ, μ, and κ) and indicates >1000-fold selectivity (unpublished
data). Compared with SB-277011A, YQA14 has improved oral
bioavailability (>40%) and a longer half-life (2 h) in the same
human hepatic microsomal enzyme assays [20]. For the
pharmacodynamics investigation, YQA14 selectively blocked
D3R to attenuate the cocaine-induced self-administration
and conditioned place preference (CPP) in WT mice, but not in
D3R knockout mice, and YQA14 also reduced the methamphe-
tamine and cocaine induced self-administration and behavior
sensitization in rats [21, 22]. YQA14 can also inhibit the
expression and drug-primed reactivation of morphine-induced
CPP in rats [23]. These results show that YQA14 has anti-drug
addiction effects through specifically binding D3R, and YQA14 is
also a highly selective D3R antagonist in vivo, which deserves
further study as a candidate in medication development for the
treatment of drug abuse and addiction.
The present study used a morphine-induced, context-specific

locomotor sensitization model in mice and D3R knockout mice.
We first examined the pharmacodynamics of YQA14 in the
acquisition and expression following chronic or acute administra-
tion. Then, we determined the blocking effects of YQA14 on
sensitized locomotion in wild-type and D3R knockout mice.

MATERIALS AND METHODS
Drugs
Morphine was obtained from the Beijing Public Security Bureau
Forensic Medical Examination Center (China). YQA14 was synthe-
sized by the Beijing Institute of Pharmacology and Toxicology and
dissolved in 2-hydroxypropyl-β-cyclodextrin (Xi’an Deli Biological
Chemical Co., Ltd., Xi’an, China), which was used as the vehicle.

Animals
Male Kunming mice (Beijing Animal Center, Beijing, China)
weighing 18–22 g were used for the investigation of the
effects of YQA14. Wild-type (WT) and D3R knockout (D3R −/−)
mice (with a C57BL/6J genetic background, bred at the
Beijing Institute Pharmacology and Toxicology) were
generated according to previously described methods [24]. All
mice were maintained on a 12-h light/dark cycle (lights on at
7:00 AM and lights off at 7:00 PM) with food and water
provided ad libitum. All animals were maintained in a facility
fully accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care International, and all experimental
procedures were conducted in accordance with the guidelines
established by the Institutional Review Committee for the Use
of Animals.

Locomotor sensitization experiment
The methods for behavioral sensitization in mice were carried out
as previously described with minor revisions [25]. Briefly, mice
were placed into a locomotor detection chamber (40 L x 40 W x 35
H cm, Anilab Instruments) under a video tracking system, and the
data were collected automatically and analyzed using the Anilab
data analysis system (Anilab Instruments).

To evaluate the effects of YQA14 administration on the morphine-
induced behavioral sensitization
The procedure of the morphine-induced behavioral sensitization.
Habituation phase (day 1–3): Before administrating drug treat-
ment, all mice were habituated in the test apparatus for three days
(30 min per session). Morphine-induced behavioral sensitization
and expression phases (day 4–18): Mice in the saline and
morphine group were injected with saline (10 mL/kg sc) or
morphine (10 mg/kg, sc), respectively, and then were placed into
the test apparatus immediately, where their locomotion was
recorded for 1 h/day for 7 days (day 4–10). After the test, all mice
were returned to their home cages without saline or morphine
treatment for a 7-day withdrawal period (day 11–17). In the end,
all mice were administered a small dose of morphine (5 mg/kg, sc),
and locomotion was measured in the detection chambers on
day 18.

To investigate the effects of chronic YQA14 treatment on the
acquisition of morphine-induced locomotor sensitization (Fig. 1a).
The mice in the morphine group were separated into four groups
that were administered either vehicle or YQA14 (6.25, 12.5, or
25mg/kg, ip) 20 min before receiving morphine (10 mg/kg, sc).
The locomotion of mice was recorded as mentioned above. The
mice were not given YQA14 treatment during the withdrawal
period or the expression phase.

To examine the effects of acute YQA14 treatment on the expression
of morphine-induced locomotor sensitization (Fig. 2a). The mice in
the morphine group were separated into four groups that
received either vehicle or YQA14 (6.25, 12.5, or 25mg/kg, ip)
20min before administering morphine (5 mg/kg, sc) on the
expression day. The activities of the mice were measured for
1 h. The mice were not given YQA14 during the period of
acquisition of morphine-induced behavior sensitization or during
the withdrawal period.

To investigate the effects of YQA14 on the expression of morphine-
induced locomotor sensitization in WT and D3R−/− mice
(Fig. 3a). To further determine whether the observed pharma-
cological effects of YQA14 on morphine-induced behavioral
sensitization were mediated by blockade of brain DA D3 receptors,
we investigated and compared the effects of YQA14 (25mg/kg, ip)
on morphine-induced behavioral sensitization in WT and D3R−/−

mice.
Habituation phase (day 1–3): Before administering drug treat-

ment, all mice were habituated in the test apparatus for three days
(30min per session). Morphine-induced behavioral sensitization and
expression phases (day 4, 7, and 10): All mice were injected with
morphine (10mg/kg, sc) and then were placed into the test
apparatus immediately for 1 h per session. After 1 h, all mice were
returned to their home cages without morphine treatment for a 7-d
withdrawal period (day 11–17). During the withdrawal period, the
mice were not given YQA14 treatment. In the end, the mice were
separated into two groups (vehicle and YQA14–25mg/kg) within
the WT and D3R−/− mice groups that then received either vehicle or
YQA14 (25mg/kg, ip), respectively, 20min before administering
morphine (5mg/kg, sc) on the expression day (Day 18). The activities
of the mice were measured for 1 h.
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Statistical analysis
All the data are presented as the mean ± the standard error of the
mean (SEM). Unless specified, the statistical analysis was
performed using Sigma Stat. For the acquisition of morphine-
induced behavioral sensitization, a two-way analysis of variance
(ANOVA) was used in analyzing differences between the YQA14
group and morphine group, within-subjects design was used to
assess the effects of morphine-induced locomotor sensitization in
mice, and a between-subjects design was used to evaluate the
effects of YQA14 on inhibiting morphine-induced locomotor
sensitization. For the expression stage, Student t-tests were used
to compare the differences between two groups (i.e., saline group
vs. morphine group), with Bonferroni corrections performed,
where necessary, to control for type I errors; the YQA14 groups
were analyzed by one-way ANOVA. A two-way ANOVA was also
used in analyzing the differences between WT and D3R−/− mice.
Individual group comparisons were performed using the Bonfer-
roni method, and differences with P < 0.05 were considered to be
significant.

RESULTS
Inhibition of the chronic administration of YQA14 on the
acquisition and expression of morphine-induced locomotor
sensitization
In our previous study, YQA14 (6.25, 12.5, or 25mg/kg) treatment did
not influence the locomotion on a basal level and could not induce
behavioral sensitization [22]. We first compared the effects of
repeated morphine (10mg/kg, sc) injection on locomotor behavior
with or without YQA14 treatment. Chronic morphine treatment
caused significant behavioral sensitization (P < 0.05 on Day 5 vs.
Day 4; and P < 0.001 on Day 6, 7, 8, 9, and 10 vs. Day 4) in the

morphine group mice. Chronic pretreatment of YQA14 with
morphine significantly attenuated the acquisition of morphine-
induced behavioral sensitization. A two-way ANOVA for
repeated measures revealed a significant YQA14 treatment main
effect (F4, 642 = 17.78, P < 0.001), time main effect (F6, 642 = 2.10,
P = 0.05), and a treatment × time interaction (F24, 642= 3.47,
P < 0.001), as shown in Fig. 1b. Post-hoc individual group
comparisons revealed a significant difference between the vehicle
and YQA14 treatment groups at each dose (P < 0.05, P < 0.01 and
P < 0.001 for 6.25, 12.5, and 25mg/kg).
During the withdrawal period (Days 11–17), all mice

were without any treatment. On the expression day, morphine
(5 mg/kg, sc) administration increased the activity in the vehicle
group (t=−7.28, with 41 degrees of freedom, P < 0.001,
compared with the saline group). The YQA14 treatment groups
showed significantly decreased expression of morphine-induced
locomotor sensitization, as shown in Fig. 1c. A one-way ANOVA
revealed a significant main effect of YQA14 treatment (F3, 84=
3.02, P < 0.05).

Inhibition of acute pretreatment of YQA14 on the expression of
morphine-induced locomotor sensitization
Figure 2c illustrates that morphine (5 mg/kg, sc) administration
significantly increased the locomotor response in the vehicle
treatment group (t = −3.92, with 19 degrees of freedom, P <
0.001, compared with saline group); however, one single
administration pretreatment with YQA14 significantly inhibited
this response, as the one-way ANOVA revealed a significant main
effect of YQA14 treatment (F3, 32= 3.54, P < 0.05). Post-hoc
individual group comparisons revealed a significant difference
between the vehicle and YQA14 treatment groups at a dose of
25mg/kg (t= 3.14, P < 0.05).

Fig. 1 Effects of the chronic administration of YQA14 on the acquisition of morphine-induced behavioral sensitization in mice. a Experimental
protocol for saline, morphine, and YQA14 injections. b Time courses of morphine-induced hyperactivity and behavioral sensitization with or
without YQA14 pretreatment. Mean ± SEM. *P < 0.05 on Day 5 vs. Day 4; and ***P < 0.001 on Day 6, 7, 8, 9, and 10 vs. Day 4. #P < 0.05; ##P < 0.01;
and ###P < 0.001 vs. the morphine+ vehicle group. c Morphine priming produced a significant increase in locomotor activity 7 days after the
last morphine injection. ***P < 0.001 vs. the saline group. This effect was attenuated in the groups that received chronic treatment with
YQA14. #P < 0.05 vs. morphine treatment alone. Mean ± SEM
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Inhibition of acute pretreatment of YQA14 on the expression of
morphine-induced locomotor sensitization in WT mice, but not in
D3R−/− mice
To further determine whether the observed pharmacological
effects of YQA14 on morphine-induced behavioral sensitization
were mediated by blockade of DA D3 receptors, we compared the
effects of YQA14 (25mg/kg, ip) pretreatment on morphine-
induced behavioral sensitization in WT and D3R−/− mice. In
Fig. 3b, a two-way ANOVA for repeated measures revealed a
significant YQA14 treatment main effect (F1, 23= 13.33, P= 0.001),
gene main effect (F1, 23= 0.34, P > 0.05), and a treatment × gene
interaction (F1, 23= 6.17, P < 0.05). Post hoc individual group
comparisons revealed a significant difference between the vehicle
and YQA14 treatment groups in the WT mice (t= 4.12, P < 0.001).
In addition, for the vehicle treatments, D3R−/− mice showed
a significant reduction compared with the WT mice (t= 2.14,
P < 0.05); however, there were no significant differences between
the vehicle and YQA14 treatment groups in the D3R−/− mice
(t= 0.88, P > 0.05).

DISCUSSION
The major findings of this study are as follows: chronic
pretreatment of the highly selective D3 receptor antagonist
YQA14 with morphine not only inhibited the acquisition of
morphine-induced behavioral sensitization but also decreased the
expression of morphine-induced behavioral sensitization. Further,
one single injection pretreatment with YQA14 attenuated the
expression of morphine-induced locomotor sensitization in
the expression phase. Furthermore, D3R blockade by YQA14
dose-dependently inhibited the expression of morphine-induced
behavioral sensitization in WT mice, but not in D3R−/− mice, and
the expression of reduction was also displayed in the D3R−/−

mice. We previously reported that YQA14, itself, neither

Fig. 3 Effects of the acute administration of YQA14 on the
expression of morphine-induced locomotor sensitization in
WT and D3R−/− mice. a Experimental protocol for morphine
and YQA14 injections. b YQA14 administration attenuated
the expression of morphine-induced locomotor sensitization in
WT mice, but not in D3R−/− mice. ###P < 0.001 vs. morphine
treatment in WT mice. *P < 0.05 compared to the WT morphine
group. Mean ± SEM

Fig. 2 Effects of the acute administration of YQA14 on the expression of morphine-induced locomotor sensitization in mice. a Experimental
protocol for saline, morphine and YQA14 injections. b Time courses of morphine-induced hyperactivity and behavioral sensitization. Mean ±
SEM. c Morphine priming produced a significant increase in locomotor activity 7 days after the last morphine injection. ***P < 0.001 vs. the
saline group. This effect was attenuated in the groups that received acute pretreatment with YQA14. #P < 0.05 vs. the morphine treatment
group. Mean ± SEM
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maintained cocaine-induced self-administration in rats nor pro-
duced CPP or conditional place aversion (CPA) in mice [21, 22].
Neither acute nor chronic administration of YQA14 influenced
basal locomotor behaviors at the series doses of 3.125–25mg/kg
in the previous studies [22, 26]. Such findings support that YQA14
has neither rewarding nor aversive properties, consistent with the
findings with other D3R antagonists, such as SB-277011A and
NGB-2904 [27, 28]. Therefore, the highly selective D3R antagonist
YQA14 showed the antagonism of morphine-induced behavioral
sensitization, which is unlikely due to YQA14-induced aversion or
malaise [22].
Behavioral sensitization, described as a progressive and long-

lasting augmentation of a behavioral response followed by
repetitive exposure to the drug administration [29, 30], is one of
the most widely used models to investigate drug-induced
behavioral plasticity [7, 31–33]. In this model, daily or one single
injection pretreatment of YQA14 (6.25–25mg/kg, ip) with
morphine (10 mg/kg in the acquisition phase or 5 mg/kg in the
expression phase) significantly attenuated the acquisition and
expression of morphine-induced locomotor sensitization, respec-
tively. The results are also consistent with the other D3R
antagonists, such as SB-277011A and nafadotride, to reduce
morphine-induced locomotor sensitization [15, 34]. To confirm
that the effect of YQA14 on inhibiting locomotor sensitization was
due to the blockade of D3R, we also used WT and D3R−/− mice.
The acute administration with YQA14 on the expression day
inhibited the effects of the expression of morphine-induced
locomotor sensitization in WT mice, but not in D3R−/− mice. In
addition, D3R−/− mice also exhibited a significant attenuation
followed by vehicle administration after chronic morphine
treatment compared with WT mice. This result is similar with the
finding by Li et al. [17]. In another study, Compound 16, another
high-affinity, D3R-selective antagonist, reduced heroin self-
administration in WT mice, but not in D3R-deficient mice [35].
Together, these findings indicate that the pharmacological
blockade of D3R and deletion of the D3R gene show similar
reduction effects on morphine-induced locomotor sensitization.
The mechanisms underlying this attenuated morphine-induced

behavioral sensitization after D3R deletion or blockade are not
fully understood. Accumulating evidence suggests that dopamine
is thought to be a key ingredient in both the development of
behavioral sensitization to repeated drug administration and the
expression of behavioral sensitization upon drug re-administration
[33, 36]. The dopamine projection most often linked to behavioral
sensitization is the mesoaccumbens projection from the ventral
tegmental area (VTA) to the nucleus accumbens (NAc) [37].
Morphine stimulated µ-opioid receptors in the VTA, which
enhanced mesolimbic dopaminergic neurotransmission, especially
in the NAc, presumably by the inhibition of GABAergic inter-
neurons, thereby disinhibiting mesolimbic dopaminergic neurons
and increasing both somatodendritic and axonal dopamine
release [38–42]. We noted that D3R−/− mice displayed a
significant increase in basal DA release in the NAc (due to
disinhibition after presynaptic D3R loss) and a significant
reduction in the NAc DA response to cocaine, which led to
attenuated locomotor activity in response to cocaine compared to
WT mice and increased cocaine-induced self-administration,
which we have interpreted as a compensatory behavioral
response to cocaine, secondary to a diminished DA response to
cocaine [24]. Similar reduction behavior patterns have been
shown for the opioid, where deletion of D3R also displayed the
attenuation of locomotor activity in response to acute high
morphine (10 mg/kg, sc) administration or deficits in the acquisi-
tion of locomotor sensitization after chronic morphine adminis-
tration and increased heroin-induced self-administration [35] (may
also be due to reduction in the NAc DA response to opioids),
which will need further investigation. Further, the upregulation of
D3R in the NAc was found in morphine-induced behavioral

sensitization through brain-derived neurotrophic factor (BDNF)/
TrkB signaling, and the acute administration of the D3R antagonist
SB277011A inhibited the expression of behavioral sensitization
and increased the expression of BDNF [15]. In addition, we
conducted in vivo microdialysis experiments and found that
YQA14 (50mg/kg, ip) significantly reduced the morphine (10 mg/
kg)-increased dopamine level in the NAc (data unpublished).
Overall, given that D3Rs were deeply involved in morphine-
induced behavior sensitization and played an important role in
mediating drug-induced reward, a blunted DA response to
morphine may underlie the attenuated morphine reward after
D3R loss or blockade of YQ14.
In conclusion, the chronic or acute administration of YQA14, a

special selective D3R antagonist, induces the persistent inhibition of
behavioral sensitization to morphine. In addition, this reduction is
due to the total block of dopamine D3R in mice. The data provide
additional support for the potential utility of the selective D3
receptor antagonist YQA14 in the treatment of opioid addiction.
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