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SUMMARY

Aims: Dopamine and glutamate receptors are densely expressed in the nucleus accumbens

(NAc). Active interactions between these receptors contribute to the development of neuro-

psychiatric diseases, such as drug addiction and relapse. However, the molecular mecha-

nisms underlying these interactions remain unclear. Methods: This study established a

mouse model of intermittent morphine-induced mouse behavioral sensitization model.

Western blot and electrophysiological recording methods were performed to directly iden-

tify the affective components of morphine behavioral sensitization. Results: Interval mor-

phine administration could cause significant locomotor sensitization. Hyperlocomotion and

behavioral locomotor sensitization were significantly suppressed when ifenprodil (5 mg/kg),

a selective NR2B subunit-containing N-methyl-D-aspartate (NMDA) receptor antagonist, or

nafadotride (25 lg/kg), a dopamine D3 receptor (D3R)-preferring antagonist, was coadmin-

istered with morphine. Western blot analysis showed that morphine behavioral sensitiza-

tion induced a region-specific increase in phosphorylation of NR2B (pNR2B) and total

levels of NR2B (NR2B) expression in the NAc. Systemically administered nafadotride atten-

uated behavioral locomotor sensitization induced by morphine and significantly reversed

the overexpression of pNR2B and NR2B subunit-containing NMDA receptor in the NAc.

NMDA receptor-mediated excitatory postsynaptic currents in the NAc were also signifi-

cantly reduced by nafadotride. Conclusions: These findings suggest that D3Rs are involved

in morphine-induced behavioral locomotor sensitization in mice by regulating the NR2B

subunits of NMDA receptors in the NAc.

Introduction

Opioids are analgesics highly effective for treating postoperative

and cancer pain. However, the rewarding effects and behavioral

sensitization caused by the chronic use of morphine may lead to

morphine addiction and relapse.

Originating from the ventral tegmental area (VTA) and project-

ing to the NAc, the mesolimbic dopaminergic system mediates the

rewarding properties of abused drugs. As one of the most signifi-

cant neurotransmitters in the central nervous system, dopamine

regulates many physiological functions, such as movement,

decision making, learning, and reward [1]. The pathophysiology

of many diseases, such as Parkinson’s disease, Schizophrenia,

Alzheimer’s disease, and drug addiction, and relapse after absti-

nence have been linked to dysfunctional dopamine signaling [2].

The D1 class (D1 and D5 subtypes) and the D2 class (D2, D3, and

D4 subtypes) are the two types of dopamine receptors [3]. Dopa-

mine D3 receptors (D3Rs), which are preferentially expressed in

mesolimbic dopaminergic projection areas, including the NAc, are

involved in the effects of abused drugs [4,5]. Our previous study

found that D3Rs regulate basal nociception and are involved in

the development of morphine-induced tolerance and withdrawal

[6]. We also found that loss of the D3R gene may inhibit acute

morphine-induced hyperlocomotor activity and chronic mor-

phine-induced behavioral sensitization [7]. However, the mecha-

nisms involved in these phenomena are not clearly understood.

Aside from the dopamine system, the glutamate system is

another key element in drug addiction. The principal members of

ionotropic glutamate receptors include N-methyl-D-aspartate

(NMDA) receptor and non-NMDA receptors (AMPA and kainate)

subclasses. NMDA receptors are composed of an obligatory NR1

subunit and one or more modulatory NR2A-D subunits. Previous
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studies have shown that the NR2B (GRIN2B) receptors contribute

to the rewarding effects [8,9] and behavioral sensitization [10,11]

of morphine.

Other researchers have extensively studied the functional inter-

action between dopamine and NMDA receptors. It is known that

the two transmitter systems intimately interact with each other to

mediate drug actions [12,13]. However, studies focusing on the

effects of D3Rs on morphine-induced locomotor activity as well as

on the regulation of NR2B receptors in the NAc are lacking.

This study investigated behavioral locomotor sensitization in

mice to identify drug relapse-related behavior. Results showed

that the dopamine D3R antagonist nafadotride decreased both

pNR2B and NR2B receptors expression in the NAc and inhibited

morphine-induced behavioral locomotor sensitization. These

results indicate that the D3R-regulated NR2B receptors in the NAc

are involved in morphine-induced locomotor activity.

Materials and methods

Animals

Eight-week-old male C57BL/6 mice (25–30 g) were housed in

groups of four per cage at constant temperature (20–22°C) and

humidity (50–55%) under a 12-h light/dark cycle with food and

water provided ad libitum. Before experimental manipulations

were undergone, the mice were allowed to habituate in the col-

ony room for 1 week. The experiments were performed during

the light phase of the cycle. The Animal Care and Use Committee

of the Xi’an Jiaotong University approved all animal protocols.

Drug Treatments and Behavioral Testing

Morphine HCl (the First Pharmaceutical Factory of Shenyang,

China), ifenprodil, the selective NR2B receptor antagonist (5 mg/

kg, Sigma), and the D3R-preferring antagonist nafadotride

(25 lg/kg, Sigma) were dissolved in 0.9% sodium chloride

solution.

As previously described, the sensitization protocol was based on

intermittent intraperitoneal (i.p.) administration of 10 mg/kg/

10 mL morphine every 72 h [7]. Behavioral experiments were

performed between 08:00 and 13:00. We evaluated the basal

activities of the mice by measuring their horizontal locomotion on

day 0. Within the following 13 d, morphine was injected five

times at an interval of 72 h. Similarly, the controls were treated

with 0.9% saline (10 mL/kg). Nafadotride (25 lg/kg) was injected

into the nafadotride–morphine mice, and ifenprodil (5 mg/kg)

was injected into the ifenprodil–morphine mice 30 min before

each morphine injection.

An animal activity measurement system (Jiliang Software Tech-

nology Co., Ltd. JLBehv-LAM-1, Shanghai, China) consisting of

four testing boxes (42 cm 9 42 cm 9 42 cm) with a TV camera

was used to test individual mice. The interior bottoms of the test-

ing boxes were painted white, whereas the interior sides were

painted black. The boxes were set in an isolated dark room, and

two standard laboratory lamps were used for illumination. After

the experimental animals were placed in the boxes, their locomo-

tor activities were recorded by the TV camera for 90 min and ana-

lyzed off line using a PC. Horizontal trajectories of the mice were

video recorded and analyzed to determine their travelled distances

in 90 min or per 10-min period. Recording commenced within

2 min to 5 min after each injection. The mice were killed after the

last test.

Tissue Preparation for Western Blot

Tissue samples were prepared as our previously described [14].

The frontal association cortex (FrA), NAc, caudate putamen

(CPu), and hippocampus (Hip) of the killed mice were dissected

on ice, frozen immediately in liquid nitrogen, and then stored at

�80°C until use. The samples were homogenized in 50 mM RIPA

lysis buffer (20 lL/mg) with protease inhibitor cocktail. Homo-

genates were incubated on ice for 30 min and then centrifuged at

12,000 9 g for 15 min at 4°C. The samples containing 20 mg of

total protein were denatured at 95°C for 5 min, separated by 12%

SDS–PAGE, and then transferred onto 0.45-lm nitrocellulose

membranes. The membranes were blocked in 5% nonfat dry milk

with TTBS for 1 h at room temperature and then incubated with

primary antibody pNR2B (pNR2B-Ser1303, dilution ratio, 1:1000;

Epitomics), NR2B (dilution ratio, 1:2000; ProteinTech Group) and

with b-actin (dilution ratio, 1:10,000; Sigma) as a loading control.

The membranes were agitated overnight at 4°C, incubated with

antirabbit secondary antibody conjugated to horseradish peroxi-

dase, and then developed using enhanced chemiluminescence.

All western blot analyses were performed at least thrice, and

parallel results were obtained.

Slice Preparation and Whole-Cell Patch Clamp
Recordings

NAc slices from fresh brain tissue of male C57BL/6 mice were pre-

pared as previously described [10]. The mice were rendered

unconscious by 4% isoflurane in air and then killed by cervical

dislocation. The brains were rapidly removed. A tissue block was

glued to a vibration slicer (1000plus, USA) containing NAc, cut

into slices 300 lm thick, and then immediately transferred to oxy-

genated (95% O2 and 5% CO2) artificial cerebrospinal fluid

(ACSF) containing 2.5 mM KCl, 124 mM NaCl, 2 mM MgSO4,

2 mM CaCl2, 1 mM NaH2PO4, 25 mM NaHCO3, and 10 mM glu-

cose at room temperature for at least 1 h. Experiments were per-

formed in a recording chamber on the stage of an Olympus

microscope with infrared DIC optics for visualization of whole-cell

patch clamp recording. Excitatory postsynaptic currents (EPSCs)

were recorded from the shell of NAc neurons with an Axon 200B

amplifier (Axon Instruments, Union City, CA, USA), and the stim-

ulations were delivered by a bipolar tungsten-stimulating elec-

trode placed in the shell of NAc ~100 lm apart from the recording

electrode. The NMDA component of EPSCs was observed in volt-

age-clamp mode. The input–output relationships measuring EPSC

amplitudes were evoked at different membrane potentials. The

slices were superfused with antagonists specific for non-NMDA

(kainate and AMPA) glutamate receptors (20 lM CNQX) and

GABAA receptors (100 lM picrotoxin) for at least 0.5 h before

analysis to pharmacologically isolate the NMDA-EPSC compo-

nent. Patch electrodes containing 3.7 mM NaCl, 102 mM cesium

gluconate, 11 mM BAPTA, 5 mM TEA chloride, 0.2 mM EGTA,

2 mM MgATP, 20 mM HEPES, 0.3 mM NaGTP, and 5 mM QX-
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314 chloride (adjusted to pH 7.2 with CsOH) were used to record

NMDA receptor-mediated EPSCs. Neurons were voltage clamped

at �30 mV, and NMDA receptor-mediated EPSCs were evoked at

0.05 Hz. To test for synaptic excitation effects, AMPA receptor-

mediated miniature excitatory synaptic currents (mEPSCs) were

recorded in the neurons clamped at �70 mV with 0.5 lM TTX

added in the ACSF. Access resistance ranged from 15 MO to

30 MO and was monitored throughout the experiment. Data were

discarded if access resistance changed by more than 15% during

an experiment.

Data Analysis

Data are expressed as means � standard error of the mean (SEM).

Statistical significance was assessed via one-way or two-way

analysis of variance (ANOVA), followed by a post hoc multiple

comparison. Individual comparisons were performed using

unpaired Student’ s t test. The significance level was set at

P < 0.05.

Results

Immunodetection of NR2B Receptor Subunits

To detect the NR2B antibody’s specificity and suitability for

western blotting, we used western blotting to immunodetection of

NR2B receptor subunits. Antibodies recognizing the carboxyl-

terminal regions of NR2B receptor subunits were used to immu-

noblot membranes from the naive mouse whole brain.

Immunodetection by carboxyl-terminal antibody was eliminated

by preabsorption of the antibody with synthetic peptide with

sequence CVAGASKARPDFRALVTNK (1411–1428 aa of human

GRIN2B; Figure 1). These data demonstrate that the antibody of

NR2B have the characteristics of specificity and selectivity.

Effects of D3R and NR2B Subunit-Containing
NMDA Receptor on Behavioral Responsiveness
to Morphine

The effects of D3R and NR2B subunit-containing NMDA receptor

on behavioral responsiveness to morphine were tested. Intermit-

tent administration of the same dose of morphine (i.p. 10 mg/kg)

gradually increased locomotor activity during the 90-min video-

tracking session following each administration (Figure 2B), effect

of treatment: F(1, 14) = 6765.316, P < 0.001; effect of day:

F(4, 35) = 13.954, P < 0.001; effect of day, versus day 1: day 4

(P < 0.001), day 7 (P < 0.001), day 10 (P < 0.001), and day 13

(P < 0.001). The results indicated that interval morphine adminis-

tration caused significant locomotor sensitization. Hyperlocomo-

tion (P < 0.01, compared with the morphine group) and

behavioral locomotor sensitization (P > 0.05, compared with day

1 in the same group) were significantly suppressed when ifenpro-

dil (5 mg/kg) or nafadotride (25 lg/kg) or both ifenprodil and na-

fadotride were coadministered with morphine (Figure 2B). The

mice treated alone with saline, ifenprodil, or nafadotride showed

constant locomotor activity after each injection (Figure 2A).

Although ifenprodil and nafadotride did not show behavioral

locomotor sensitization effects, they affected morphine-induced

behavioral locomotor sensitization.

Enhanced NR2B Expression in NAc After
Morphine-Induced Behavioral Locomotor
Sensitization

After intermittent administration of the same dose of morphine

(i.p. 10 mg/kg) for 13 days in vivo, changes in NR2B expression

in the forebrain region were observed. Chronic morphine injec-

tion upregulated both pNR2B and NR2B expression (P < 0.05) in

the NAc compared with saline control. In addition, other forebrain

areas were tested for changes in NR2B expression. Chronic mor-

phine did not alter pNR2B and NR2B levels in FrA, Hip, and CPu

(Figure 3). Thus, morphine behavioral sensitization induced a

region-specific increase in NR2B expression in the NAc.

Regulatory Effect of D3Rs on NR2B Expression

A previous study revealed that D3Rs are involved in morphine-

induced behavioral sensitization [7]. However, the mechanisms

underlying the sensitization process remain unclear. The effects of

nafadotride on the morphine-induced increase in NR2B in the

NAc were measured to evaluate the capacity of D3Rs to mediate

morphine effects. Nafadotride alone did not alter basal levels of

both pNR2B and NR2B expression in the NAc (P > 0.05) com-

pared with saline control (Figure 4).Under normal conditions,

endogenous dopaminergic tone via D3R slightly influenced NR2B

expression. By contrast, nafadotride blocked the morphine-

induced increase in both pNR2B and NR2B expression in the NAc

(P < 0.05) compared with the morphine group (Figure 4). Thus,

nafadotride reversed the overexpression of NR2B receptors in the

NAc of morphine-sensitized mice.

D3R Regulation of NMDA Receptor-Mediated
Currents

Whole-cell NMDA receptor-mediated currents were recorded in

acutely dissociated, medium-sized striatal neurons to determine

whether or not D3Rs can modulate the functions of NMDA recep-

tors. The slope of the NMDA receptor-mediated EPSC curves was

dramatically greater in the neurons from morphine-dependent

mice compared with saline controls (Figure 5B,C). These data sug-

gested that the synaptic efficacy increased in the NAc neurons

from the morphine-sensitized mice. Coadministration of nafadot-

ride (25 lg/kg) with morphine significantly reduced NMDA

receptor currents enhanced by chronic morphine injection

(Figure 5B,C). Thus, nafadotride can partially downregulate the

Figure 1 Characterization of antibody to NR2B subunit-containing

N-methyl-D-aspartate (NMDA) receptor in western blotting. Antibody

recognizing the carboxyl-terminal regions of NR2B receptor subunits was

used to immunoblot membranes from the naive mouse whole brain.

Immunodetection by the carboxyl-terminal antibody was eliminated by

preabsorption of the antibody with the synthetic peptide immunogen.
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enhancement of excitatory synaptic transmission in the NAc by

chronic morphine administration. Subsequently, mEPSCs in the

shell of NAc were recorded to determine further the presynaptic

or the postsynaptic components associated with increased synaptic

transmission (Figure 6A). mEPSC frequency and amplitude signif-

icantly increased in the morphine- sensitized mice compared with

saline controls (Figure 6B,C). Nafadotride (25 lg/kg) can signifi-

cantly reverse the enhancement of mEPSC amplitude and

frequency induced by chronic morphine injection. These results

indicate that the nafadotride-induced downregulation of

excitatory synaptic transmission is probably due to presynaptic

and postsynaptic modifications in the NAc synapses of morphine-

dependent mice.

Discussion

To reveal the neural mechanisms underlying drug craving and

relapse, locomotion sensitization is commonly studied in animal

models. Previous reports [7,15] confirmed that repeated, inter-

mittent administration of morphine increases locomotion

activity in mice, suggesting the development of locomotion

sensitization.

(A) (B)

Figure 2 Development of sensitization to morphine-induced hyperlocomotion and the effect of nafadotride or ifenprodil on locomotor activity in chronic

morphine-treated mice. Mice were i.p. injected at an interval of 72 h with morphine (Mor), saline (Sal), ifenprodil (Ifen), or nafadotride (Naf) alone or

ifenprodil (Ifen) and nafadotride (Naf) administered 30 min before each morphine injection, respectively (as Mor + Ifen and Mor + Naf), or both ifenprodil

and nafadotride are coadministered with morphine (as Mor + Ifen + Naf). n = 8 mice in each group. Locomotor activity was monitored for 90 min

following each injection using a video camera. Mean � SEM was used to evaluate the distance travelled during each 90 min recording session. (A) Saline,

ifenprodil, or nafadotride alone did not induce locomotor sensitization. (B) Ifenprodil or nafadotride was coadministered with morphine or both ifenprodil

and nafadotride are coadministered with morphine can significantly suppress morphine caused locomotor sensitization. Data were subjected to repeated-

measures ANOVA followed by Tukey’s post hoc test (*P < 0.01 compared with day 1 in the same group; #P < 0.01 compared with the morphine group in

the same days).

Figure 3 Effects of chronic morphine on NR2B

expression in the mouse forebrain. Western

blot analysis of NR2B immunoreactivities in the

NAc, Cpu, FrA, and Hip of the chronic

morphine-treated mice. The upper part of the

figure shows the NR2B bands in four mouse

forebrains. The lower parts of the figure depict

the immunoreactivities of the pNR2B and the

NR2B expressed as their proportions to those

of the corresponding Sal (mean � SEM). n = 8

mice in each group. Unpaired samples t tests

showed significant differences in pNR2B and

NR2B immunoreactivity in the NAc but not in

the FrA, Hip, or Cpu between the morphine-

treated groups. *P < 0.05, compared with the

saline control.
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Substantial evidence has proven that the mesolimbic DA system

is essential in the mediation of locomotion sensitization to mor-

phine [7,16]. The present results are similar to our previous study

that D3R knockout mice did not display an enhanced behavioral

response to acute morphine administration or did not develop an

increased rate of locomotor sensitization to intermittent morphine

administration. Coadministration of morphine with nafadotride

can effectively suppress morphine-induced behavioral sensitiza-

tion [7]. Our findings indicated that dopamine D3Rs were

involved in morphine behavioral sensitization. These results are

consistent with those of previous pharmacological studies [16–

19], in which the absence or inhibition of D3R can prevent the

development of amphetamine or morphine-induced behavioral

sensitization.

Aside from the dopamine system, the glutamate system is

another key element in drug addiction [20–22]. Glutamate recep-

tors are involved in many drug-induced activities, such as

conditioned place preference [23], self-administration [24],

amphetamine sensitization [25–27], and opioid dependence [28].

The present study found that ifenprodil can significantly inhibit

the formation of morphine-induced behavioral sensitization. This

result is consistent with that of Wu et al. [29]. By contrast, the

present results were inconsistent with previous reports [10,30].

This difference can be attributed to the different experimental pro-

tocols used. Previous reports focused on the roles of NMDA recep-

tor antagonists on the expression of morphine sensitization.

Meanwhile, the present study found that NR2B receptor antago-

nists are important in the development of morphine-induced

behavioral sensitization.

Substantial evidence has proven that NMDA receptors in NAc

neurons influence chronic opiate treatment effects. However, the

cellular and molecular mechanisms underlying this phenomenon

remain unclear. The present study is the first to prove that the

upregulation of NR2B phosphorylation and total levels of NR2B

expression in the NAc contributes to morphine-induced behav-

ioral locomotor sensitization. The results are consistent with those

of previous studies [23,31]. These findings indicate that NR2B

receptors in the NAc but not in the FrA, CPu, and Hip of the limbic

forebrain area are critical in mouse sensitization induced by inter-

mittent i.p. administration of morphine.

Dopamine and glutamate receptors are both densely expressed

in the NAc. Active interactions between these receptors occur at

the receptor level. The glutamatergic system is involved in addic-

tion, which is directly or indirectly related to interaction with the

dopaminergic system [32]. The regulatory effect of D3R on NR2B

expression after chronic morphine treatment was tested. Coad-

ministration of ifenprodil or nafadotride with morphine inhibited

the expression of pNR2B and NR2B subunit-containing NMDA

receptors in the NAc and the development of behavioral sensitiza-

tion. This result suggests that D3R can partly adjust morphine

behavioral sensitization by reversing the overexpression of NR2B

receptors in mouse NAc.

The dopamine–glutamate interaction is a key factor to contrib-

ute to the development of various forms of synaptic and behav-

ioral plasticity in response to stimulants. Spatial learning is

modulated by the dopamine–glutamate interplay in the ventral

striatum [33]. Different dopaminergic projections may be altered

differentially in the addicted state, resulting in an altered dopa-

mine–glutamate interaction that ultimately leads to aberrant con-

trol over behavior and compulsive drug-taking behavior [13,22].

Recent studies have focused on the molecular mechanisms under-

lying the interaction. Liu [13] found that D3Rs interact with the

NR2B anchor protein CaMKII and change the function of recep-

tors. Other studies found that regulated D2R–NR2B interaction is

essential in constructing behavioral responsiveness to cocaine

[12]. The phosphorylation state of dopamine- and cAMP-regu-

lated phosphoprotein with a molecular weight of 32 kDa in stria-

tal neurons is regulated by both dopamine and glutamate [34].

The present study found that D3R-regulated NR2B in the NAc

may critically contribute to the development of morphine-

induced behavioral sensitization. The mechanism underlying this

phenomenon needs further study.

It is reported that the NAc can be further divided into two sub-

regions termed the core and the shell, which play different func-

tional roles in motivated behavior [35–39]. The in vivo

Figure 4 Role of dopamine D3 receptors in regulating NR2B expression.

The upper part of the figure shows the pNR2B and NR2B bands in four

groups in the NAc. The lower parts of the figure depict the

immunoreactivities of the pNR2B and the NR2B expressed as their

proportions to those of the corresponding Sal. Nafadotride alone did not

affect basal levels of pNR2B and NR2B but nafadotride can block the

morphine-induced increases in pNR2B and NR2B expression in the NAc.

Mice were given morphine (10 mg/kg) at an interval of 72 h for five times.

The expression of pNR2B and NR2B levels increased compared with the

saline control mice. Both pNR2B and NR2B expression was significantly

reduced in the NAc when nafadotride (25 lg/kg) was coadministered with

morphine (10 mg/kg). n = 8 mice in each group. Data were subjected to

repeated-measures ANOVA followed by Tukey’s post hoc test *P < 0.05,

compared with the saline control; #P < 0.05 compared with the morphine

group, respectively .
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neurochemical evidence shows that the NAc shell is the critical

site of DA reward. NAc shell DA acting on D1 receptors is also

involved in learning and behavioral [38]. Our electrophysiological

observation showed that NR2B receptors underwent prolonged

upregulation in NAc shell neurons after chronic morphine admin-

istration, and those NMDA receptor-mediated responses were

enhanced in in vitro brain slices. Inhibition of D3R receptors by

administering nafadotride notably reversed the enhancement of

NMDA receptor-mediated synaptic transmission in the morphine-

sensitized mice and inhibited morphine behavioral sensitization.

These results suggest that nafadotride can partially downregulate

the enhancement of excitatory synaptic transmission in the NAc

(A) (B)

(C)

Figure 5 D3R regulation of NMDAR-mediated

currents. (A) Diagram of a slice showing the

placement of whole-cell patch recording and a

stimulation electrode in the shell of NAc.

(B) Representative traces show NMDA-EPSC in

the saline control, morphine-sensitized, and

nafadotride–morphine-administered mice on

D13. (C) Plot of input–output curves shows the

enhancement of NMDA-EPSC in the shell of

NAc of morphine-sensitized mice. Nafadotride

partially inhibited morphine-induced

enhancement of NMDA-EPSC. n = 8 neurons/4

mice in each group, *P < 0.05, **P < 0.01

compared with the saline control; #P < 0.05

compared with the morphine-injected mice.

(A)

(B) (C)

Figure 6 Effects of nafadotride on basal

glutamatergic synaptic transmission.

(A) mEPSCs recorded a holding potential of

�70 mV in pyramidal neurons from saline

control, morphine-sensitized, and nafadotride–

morphine-administered mice on D13.

(B) Cumulative frequency (left) and amplitude

(right) histograms of the mEPSCs in neurons

from saline control, morphine-injected, and

nafadotride–morphine-administered mice.

(C) Summary of mEPSC frequency (left) and

amplitude (right) in neurons from saline control

(n = 10 neurons/4 mice), morphine-treated

(n = 11 neurons/4 mice), and nafadotride–

morphine-treated (n = 12 neurons/4 mice)

mice. Nafadotride reversed the enhancement

of AMPA receptor-mediated mEPSC amplitude

and frequency induced by chronic morphine

injection. *P < 0.05, compared with the saline

control; #P < 0.05 compared with the

morphine-sensitized mice.
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by chronic morphine administration. Thus, the downregulated

NR2B subunit expression by nafadotride can explain the reduced

NMDA receptor-mediated EPSCs in NAc synapses. The results of

the present study suggest a new role for NMDA receptors in long-

term behavioral sensitization to morphine.

In summary, D3Rs are involved in behavioral locomotor sensiti-

zation in mice by downregulating NR2B subunits of NMDA recep-

tors in the NAc. This linkage is critically involved in the

development of morphine-induced behavioral sensitization.

Drugs are important in modulating the expression of drug-related

behaviors. Therefore, agents that block D3R signaling and NR2B

activation may be useful approaches for the treatment of drug

craving and relapse in humans.
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