
RESEARCH PAPER

Heteromers of μ opioid and dopamine D1
receptorsmodulate opioid-induced locomotor
sensitization in a dopamine-independent
manner
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BACKGROUND AND PURPOSE
Exposure to opiates induces locomotor sensitization in rodents, which has been proposed to correspond to the compulsive drug-
seeking behaviour. Numerous studies have demonstrated that locomotor sensitization can occur in a dopamine transmission-
independent manner; however, the underlying mechanisms are unclear.

EXPERIMENTAL APPROACH
Co-immunoprecipitation, BRET and cross-antagonism assays were used to demonstrate the existence of receptor heterodimers.
Function of heterodimers was evaluated by behavioural studies of locomotor sensitization.

KEY RESULTS
The dopamine D1 receptor antagonist SCH23390 antagonized the signalling initiated by stimulation of μ opioid receptors with
agonists in transfected cells expressing two receptors and in striatal tissues from wild-type but not D1 receptor knockout (KO)
mice, suggesting that SCH23390 modified μ receptor function via receptor heteromers, as the ability of an antagonist of one of
the receptors to inhibit signals originated by stimulation of the partner receptor was a characteristic of receptor heteromers. The
existence of μ receptor-D1 receptor heterodimers was further supported by biochemical and biophysical assays. In vivo, when
dopamine release was absent (by destruction of the dopaminergic projection from the ventral tegmental area to the striatum),
SCH23390 still significantly inhibited μ receptor agonist-induced behavioural responses in rats. Additionally, we demonstrated
that D1 or μ receptor KO mice and thus unable to form μ receptor-D1 receptor heterodimers, failed to show locomotor sensiti-
zation to morphine.

CONCLUSION AND IMPLICATIONS
Our results suggest that μ receptor-D1 receptor heterodimers may be involved in the dopamine-independent expression of lo-
comotor sensitization to opiates.

Abbreviations
6-OHDA, 6-hydroxydopamine; HA, hemagglutinin; NAc, nucleus accumbens; VTA, ventral tegmental area
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Introduction
Exposure to opiates induces locomotor sensitization, a pro-
gressive and long-lasting enhancement of the locomotor re-
sponse that has been proposed to correspond to the
acquisition and maintenance of compulsive drug-seeking be-
haviour (Robinson and Berridge, 1993; De Vries et al., 1998).
The dopaminergic projection from the ventral tegmental area
(VTA) to the nucleus accumbens (NAc) is critical for the ex-
pression of locomotor sensitization. The most widely ac-
cepted mechanism of locomotor sensitization to opiates is
an enhanced ability of opiates to increase dopamine release
within the NAc (Di Chiara and North, 1992). Systemic or di-
rect infusions of opiates into the VTA increases dopamine re-
lease in the dorsal striatum (NAc) (Di Chiara and Imperato,
1988; Spanagel et al., 1990) and elicits locomotor activation
and sensitization, which can be blocked by applying dopa-
mine receptor antagonists to the NAc (Broekkamp et al.,
1979; Joyce and Iversen, 1979; Kalivas et al., 1983; Jeziorski
and White, 1995). Increased dopamine release is thought to
be due to the dis-inhibition of mesolimbic dopaminergic neu-
rons via activation of μ opioid receptors located on
GABAergic inputs in the VTA (Matsui et al., 2014).

Although substantial evidence points to a key role of in-
creased dopamine release in the opiate-induced locomotor
activation and sensitization, the expression of locomotor ac-
tivation and sensitization to opiates can occur in the absence
of dopamine release in the NAc. For example, blockade of DA
release by the destruction of the dopaminergic terminals
within the NAc using 6-hydroxydopamine (6-OHDA) or elec-
trolytic lesions of the mesocorticolimbic dopaminergic sys-
tem does not abolish systemic opiate-induced locomotor
activation (Teitelbaum et al., 1979; Kalivas and Bronson,
1985; Stevens et al., 1986; Vaccarino et al., 1986). Direct mi-
croinjection of opiates into the NAc, which does not alter do-
pamine levels in the NAc (Kalivas et al., 1983), also induces
locomotor activation and sensitization (Pert and Sivit, 1977;
Kalivas et al., 1983), and such locomotor activation is not
blocked by destruction of the dopaminergic terminals with
6-OHDA (Kalivas et al., 1983). Additionally, dissociation of
dopamine release from locomotor sensitization has been ob-
served in rodents exposed to psychostimulants (Segal and
Kuczenski, 1992a,b). Although locomotor activation and sen-
sitization to opiates are elicited in the absence of enhanced
dopamine release, dopamine D1 receptors, appear to be
required for opiate-induced locomotor activation and sensiti-
zation (Longoni et al., 1987; Jeziorski and White, 1995;
Becker et al., 2001). However, the mechanisms underlying
such dopamine-independent but D1 receptor-dependent lo-
comotor activation and sensitization are still unknown.

Several lines of evidence demonstrate that μ opioid
receptors are able to form functionally interacting complexes
with other GPCRs (Jordan et al., 2003; Gomes et al., 2004;
Wang et al., 2005a,b; Schröder et al., 2009). On the other
hand, the D1 receptors can also be physically associated with
other GPCRs (Ginés et al., 2000; Ferrada et al., 2009; Navarro
et al., 2010). Functional interaction between these GPCRs
through physical association can have important implica-
tions for neuronal function (Ferré et al., 2014; Gomes et al.,
2016). Topographic overlap between opioidergic and dopa-
minergic neurons is known to exist in several areas of the

brain including the striatum (Caspar et al., 1983; Pickel
et al., 1992; Sesack and Pickel, 1992), which provides a
morphological basis for the possible functional interactions
between μ receptors and D1 receptors via physical
associations. Indeed, there is evidence showing that the
μ receptors co-localize with the D1 receptors in neurons
of the cortex and dorsal striatum of rodent brain and form
hetero-oligomers with D1 receptors in transfected cells
(Juhasz et al., 2008). However, the functional implications
of this physical association between μ receptors and D1 re-
ceptors are still not well defined. The present study was
therefore undertaken to test the hypothesis that interac-
tions between μ receptors and D1 receptors, through their
physical association, may contribute to the expression of
locomotor sensitization to opiates.

Methods

Eukaryotic expression vectors
The HA-tagged μ receptor was a gift from Dr Gang Pei
(Shanghai Institutes for Biological Sciences, Shanghai,
China). The DNA coding for D1 receptors was fused with FLAG
tags on the amino terminus of the receptor. The construct was
subcloned into the eukaryotic expression vector pcDNA3.1 (+)
(Invitrogen, Carlsbad, CA, USA) and verified by DNA sequenc-
ing. The μ receptor and D1 receptor with mutated stop codons
were subcloned into Rluc and GFP in the pRluc-N3 and pGFP2-
N3 plasmids (PerkinElmer Life Sciences, Boston, MA, USA) to
yield constructs named μOR-GFP, μOR-Rluc, D1R-GFP and
D1R-Rluc. The sequences of all constructs were confirmed by
DNA sequencing. To study whether μ receptors
heterodimerized with D1 receptors selectively, we also labelled
muscarinic M2 receptors with GFP- and Rluc.

Cell culture and transfection
HEK293 cells were cultured in DMEM medium with 10% fe-
tal calf serum and supplemented with a humidified atmo-
sphere consisting of 5% CO2, 95% air at 37°C. For
transfection, cells were seeded in 6- or 12-well plate for
24 h and then transfected with plasmids containing
HA-tagged μ receptors, FLAG- tagged D1 receptors or both
using the calcium phosphate precipitation method. To
establish stable cell lines expressing μ receptors, D1 recep-
tors or two receptors together, the plasmids encoding
HA-tagged μ receptors, or FLAG-tagged D1 receptors or the
same amounts of plasmids encoding HA-tagged μ re-
ceptors and FLAG-tagged D1 receptors were
transfected into CHO cells cultured in F12 medium with
10% fetal calf serum by using Lipofectamine 2000
(Invitrogen) as per manufacturer’s protocol. Twenty-four
hours after transfection, cells were cultured in the presence
of 1.0 mg·mL�1 G418 (Roche), 400 μg·mL�1 hygromycin
(Gibco) or both. Surviving colonies were screened using
[3H]diprenorphine or [3H]SCH23390 binding assay.

Co-immunoprecipitation and Western blotting
HEK293 cells expressing μ receptors or D1 receptors or both
together were lysed for 1 h in buffer TX/G (1% Triton X-100,
10% glycerol, 300 mM NaCl, 1.5 mM MgCl2, 1 mM CaCl2,

Mechanism for dopamine-independent locomotor activity BJP

British Journal of Pharmacology (2017) 174 2842–2861 2843

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=319&familyId=50&familyType=GPCR
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=214&familyId=20&familyType=GPCR
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=214&familyId=20&familyType=GPCR


50mM Tris–HCl, pH 7.4), containing 100mM iodoacetamide
and a protease inhibitor mixture. Mouse striatal crude mem-
branes were prepared as described elsewhere (Ferré et al.,
2002). For immunoprecipitation, 100–200 μg of protein was
incubated with 1–2 μg of the monoclonal anti-FLAG anti-
body for 2 h at 4°C. Immunocomplexes were isolated by
incubation with 10% (v/v) protein A-Sepharose (Sigma) over-
night. The beads were washed three times with TX/G buffer, re-
solved on a non-reducing 8% SDS-PAGE and subjected to
Western blotting as described, using anti-HA antibody. In
some cases, the immunoprecipitate was treated with
100 mM DTT in the sample buffer (reducing conditions)
and subjected to SDS-PAGE and Western blotting.

BRET assay
Forty-eight hours after transfection, HEK293 cells were
detached with PBS/EDTA and washed twice in PBS.
Approximately 10 000 cells per well were distributed in a
384-well microplate (white Optiplate). The coelenterazine
(Deepblue C) was added at a final concentration of 5 μM.
Luminescence and fluorescence signals were quantified by
Fluostar (BMG Labtechnologies, Durham, NC), allowing the
sequential integration of the signals detected in the
EM460nm and 510–20 nm windows. The BRET ratio was
defined as [(emission at 510–20 nm)–(emission at EM460
nm) × Cf]/(emission at EM460 nm), where Cf corresponded
to (emission at 510–20 nm)/(emission at EM460 nm) for the
D1R-Rluc or MOR-Rluc expressed alone in the same experi-
ments. Readings were started immediately after DeepBlue C
addition. BRET saturation experiments were carried out by
cotransfecting increasing amounts of the receptor-GFP2 plas-
mids with a constant quantity of receptor-Rluc construct.

Ligand-binding assays
For receptor binding experiments, cells were seeded into
175 cm3

flasks. When cell growth reached 70% confluence,
cells were washed twice in PBS and detached by incubation
with PBS containing 1 mM EDTA. Cell membrane prepara-
tion was prepared as described previously (Tao et al., 2008).
Receptor binding assays were carried out in 50 mM Tris–HCl
buffer (pH 7.4) at 37°C for 30 min in a final volume of
0.5 mL with ~20 μg of membrane protein. Saturation experi-
ments were performed with various concentrations of
[3H]diprenorphine (0.05 to 1 nM). Competition inhibition
assays were performed with 0.5 nM [3H]diprenorphine and
different concentrations of DAMGO (0.01 nM–100 μM). The
reactions were stopped by rapid filtration over Whatman
GF/B glass fibre filter. Specific binding was determined by to-
tal binding corrected for non-specific binding, which was de-
termined in the presence of 10 μM naloxone. Radioactivity
on filters was determined by liquid scintillation counting
(Beckman LS6500, Fullerton, CA, USA). Each experiment
was performed in triplicate and repeated at least three times.
Binding data and Ki value of each drug were analysed and
determined with GraphPad Prism 5.0 program (GraphPad
Software Inc., San Diego, CA, USA).

[35S]GTPγS binding assay
[35S]GTPγS binding experiments were performed as described
previously (Tao et al., 2008). Briefly, ligand-mediated increase
in [35S]GTPγS binding in response to increasing doses of

DAMGOormorphine (0.1 nM to 10 μM for cell membranes)
was measured in membranes (~15 μg per sample) incubated
with 0.1 nM [35S]GTPγS in a buffer composed of 50 mM
Tris–HCl, pH 7.5; 1 mM EDTA; 5 mM MgCl2; 100 mM NaCl;
and 40 μM GDP at 30°C for 1 h in the presence or absence
of SCH23390 (1 μM). Non-specific binding was defined by
the inclusion of 10 μM GTPγS. The reaction was terminated
by rapid filtration, and bound radioactivity was determined
by liquid scintillation counting as described above.

For tissue membranes, [35S]GTPγS binding experiments
were performed as below. Briefly, ligand-mediated increase
in [35S]GTPγS binding in response DAMGO (10 μM) was mea-
sured in membranes (5 μg per sample) incubated with 0.1 nM
[35S]GTPγS in a buffer composed of 50 mM Tris–HCl, pH 7.5;
1mMEDTA; 5mMMgCl2; 100mMNaCl; and 100 μMGDP at
30°C for 1 h in the presence or absence of SCH23390 (1 μM).
Non-specific binding was defined by the inclusion of 10 μM
GTPγS. The reaction was terminated by rapid filtration, and
bound radioactivity was determined by liquid scintillation
counting as described above.

Intracellular cAMP assay
Intracellular cAMP was measured as described previ-
ously (Liu and Prather, 2001). Briefly, cells stably expressing
μ receptors or D1 receptors or both together were seeded into
24-well plates and treated with DAMGO (1 μM) or morphine
(10 μM) in the presence or absence of SCH23390 (1 μM) for
1 h. After treatment, media was removed and washed once
with serum-free medium and replaced with an incubation
mixture (at 37°C) of DMEM containing 0.9% NaCl, 500 μM
IBMX and 1.25 μCi per well of [3H]adenine for 1.5 h. After in-
cubation, the mixture was removed and cells were washed
three times with serum-free medium. Each plate was then
floated in an ice-water bath for 5 min. During this time, an
assay mixture of ice-cold Krebs–Ringer–HEPES buffer
(pH 7.4) containing 500 μM IBMX, 10 μM forskolin was
added. Plates were then placed on a water bath at 37°C for
15 min. The reaction was terminated by the addition of
50 μL of 2.2 M HCl. cAMP was separated by using Alumina
column chromatography, and radioactivity was determined
by liquid scintillation counting.

ERK assay
Phospho-ERK in cells. HEK293 cells co-expressing μ receptors
and D1 receptors were seeded onto 24-well plates, grown in
DMEM medium containing 10% fetal calf serum overnight.
Before drug treatment, cells were starved for at least 4 h in
serum-free DMEM medium and then treated with 10 μM
DAMGO in the presence or absence of SCH23390 (1 μM) for
various time periods (5, 15, 30, 60 and 120 min). After
treatment, cells were lysed with ~100 μL of 2% SDS in 50 mM
Tris–HCl, pH 7.4, and ~30 μg of protein were subjected to
analysis by SDS-PAGE. Phospho-ERK1/2 and total ERK1/2
were detected by immunoblotting with mouse polyclonal
anti-phospho-ERK antibody and anti-ERK antibody (1:1000;
Santa Cruz Biotechnology). Quantitative analysis of detected
bands was performed by densitometric scanning.

Phospho-ERK in primary cultured striatal neurons. Primary
cultured striatal neurons were prepared from Sprague
Dawley rats at approximately embryonic day 18. Briefly,
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isolated striatum were treated with 0.125% trypsin for
15 min, followed by administration of DMEM with high
glucose (Gibco) plus 10% FBS for terminating treatment,
and then cells were mechanically dissociated. Cells
were seeded at a density of 800 000 cells per well on
poly-D-lysine-coated six-well plates containing DMEM with
high glucose plus 10% FBS (containing 2 mM glutamine)
and cultured at 37°C in a humidified 5% CO2 atmosphere.
The medium was changed to neurobasal medium
containing 2% B27 supplement 6 h later. Medium was half-
replaced every 3 days. After 15 days of culture, cells were
treated with DAMGO (1 μM) in the presence or absence of
SCH23390 (1 μM) for 15 min and lysed with ~100 μL of 2%
SDS in 50 mM Tris–HCl, pH 7.4, and ~100 μg of protein was
subjected to analysis by SDS-PAGE. Phospho-ERK1/2 and
total ERK1/2 were detected as described above.

Nuclear c-Fos protein levels assay
Nuclear c-Fos protein levels in cells. HEK293 cells co-
expressing μ receptors and D1 receptors were treated with
morphine (10 μM) in the presence or absence of
SCH23390 (1 μM) for 1 h. Cells were chilled and washed
with ice-cold PBS and once with hypotonic buffer A
(10 mM HEPES, pH 7.9; 10 mM KCl; 0.1 mM EDTA;
0.1 mM EGTA; and 1 mM DTT). Cells were allowed to
swell in 1 mL of buffer A for 20 min, and 60 μL of a 10%
solution of Nonidet P-40 was added and then vortexed for
10 s. The crude extract was centrifuged for 5 min at
2124 × g, and the pellet (nuclei) was dissolved in SDS-PAGE
sample buffer. Nuclei and crude extracts were analysed by
SDS-PAGE and immunoblotted by using rabbit anti-c-Fos
(1:500) and mouse anti-actin (1:5000) respectively. The
intensities of the immunoreactive bands on X-ray film
corresponding to c-Fos protein were measured by
densitometric scanning. All values were normalized by
using actin as a control protein.

Nuclear c-Fos protein levels in mouse striatum. Mice were
injected with morphine (10 mg·kg�1, s.c.) with or without
SCH23390 (0.03 mg·kg�1, i.p.). SCH23390 was injected
15 min before morphine administration. Two hours later,
mice were killed by brief exposure to CO2 and decapitated
in an unconscious state. The striatum were carefully and
rapidly dissected on ice. Striatal tissues were homogenized
in an electrophoretic mobility shift assay buffer (20 mM
HEPES, pH 7.9; 0.4 M NaCl; 20% glycerol; 5 mM MgCl2;
0.5 mM EDTA; 0.1 mM EGTA; 1% Nonidet P-40; 5 mM DTT;
0.5 mM p-aminobenzamidine; 10 μg·mL�1 leupeptin and
1 μg·mL�1 pepstatin) and then centrifuged at 6903 × g for
10 min. Protein extracts (50 μg) were then subjected to SDS-
PAGE and transferred to nitrocellulose membranes for c-Fos
detection.

Behavioural studies
Animals. All animal care and experimental procedures
were conducted in accordance with guidelines of the NIH
and the Shanghai Institute of Materia Medica for the Care
and Use of Laboratory Animals. Animal studies are
reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath & Lilley, 2015). Male
Kunming mice (20–25 g) and male Sprague Dawley rats

(270–300 g) were obtained from the Laboratory Animal
Center, Chinese Academy of Sciences (Shanghai, China).
Male D1 receptor KO mice (23–29 g) were obtained from a
collaborative laboratory (Department of Anatomy and
Neurobiology, Tongji University School of Medicine,
Shanghai, China). Mice were housed eight per cage, and
rats were housed two per cage. Animals were maintained a
12 h light/dark cycle (lights on at 08:00 h) in a
temperature-controlled environment with free access to
food and water.

Apparatus. Horizontal locomotor activity was measured in
commercially available activity monitoring boxes
(40 × 40 × 45 cm) using a computer-based video tracking
system (Jiliang Instruments, Shanghai, China) and was
expressed as the distance (cm or m) travelled by an animal
during various periods of time as indicated.

Intra-NAc microinjection. Animals used in microinjection
studies were anaesthetized and placed in a stereotaxic
instrument for implantation of a stainless steel-guide
cannula (26 gauge; Plastic One, Roanoke, VA) into the NAc.
The guide cannulae were positioned 1.0 mm above the
designated site of injection and were anchored to the skull
with two stainless-steel screws and dental acrylic. The
coordinates employed for the NAc injection are 1.7 mm
anterior to bregma, ±1.7 mm from midline and 7.2 mm
from skull surface. After surgery, all animals were allowed to
recover for 7 days. Bilateral microinfusions were made
through 30-gauge injection cannulae (1.0 mm beyond the
tip of guide cannulae) that was connected to a 10 μL
microsyringe mounted in the microinfusion pump (Harvard
Apparatus), and the drugs were infused into NAc over 1 min
in a volume of 0.5 μL per side and allowed to diffuse away
from the tips of the cannulas for an additional 1 min.
SCH23390 and DAMGO was directly dissolved in sterile
isotonic saline to a final concentration of 0.2 and
0.4 μg·μL�1 respectively; U0126 was dissolved in 25%
DMSO (10 mM stock solution) and diluted in sterile isotonic
saline to a final concentration of 0.2 μg·μL�1. The doses of
SCH23390, DAMGO and U0126 were chosen based on pilot
experiments and previous studies. After the microinjection,
each rat was returned to its testing box immediately, and
behaviour was monitored for various periods of time as
indicated.

Experimental design for the locomotor
sensitization
Experiment 1: Effect of SCH23390 on locomotor activity and
locomotor sensitization to morphine in mice. Mice were
given twice daily (08:00 and 16:00 h) injections of
saline (1 mL·kg�1, s.c.), or morphine (10 mg•kg�1, s.c.)
or morphine (10 mg•kg�1, s.c.) plus SCH23390
(0.03 mg•kg�1, i.p.); SCH23390 was injected 10 min before
the morphine administration. After injection, mice were
immediately placed in activity monitoring boxes where
distance travelled was measured for 60 min. On
completion of behavioural assessment, mice were returned
to their home cage. The pretreatment phase lasted 7
consecutive days, with individual mice being given the
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identical drug pretreatment each day. For testing the
occurrence of locomotor sensitization, mice received a
challenge injection of morphine (10 mg•kg�1, s.c.) after 7
days of drug abstinence and distance travelled was
measured for 3 h.

Experimental 2: Effect of intra-NAc administration of SCH23390
or U0126 on the expression of locomotor sensitization to morphine
in rats. Locomotor sensitization assays were performed as
described previously (Valjent et al., 2010). All rats were
habituated to the test apparatus for 3 consecutive days
before the formal experiment. In this habituation
procedure, mice were placed for 30 min in the activity-
monitoring boxes, received a first injection of saline, were
placed back in the boxes for 30 min, received a second
injection of saline and were placed for 1 h in the boxes.
Locomotor activity was monitored at each stage of the
habituation procedure. On the day 4, the procedure was
identical except that the second saline injection was
replaced by a morphine injection (10 mg•kg�1, i.p.)
before rats were placed back in the boxes for 3 h.
Challenges injection of morphine (10 mg•kg�1, i.p.) were
performed 2 days after the first morphine injection. For
the role of D1 receptors and ERK to be tested in the
expression of locomotor sensitization, either SCH23390
(0.03 mg•kg�1, i.p.) was given 30 min before challenge
injection of morphine or 0.5 μL of SCH23390
(0.2 μg•μL�1) and 0.5 μL of U0126 (0.2 μg•μL�1) was
given by bilateral intra-NAc microinjection 30 min before
the challenge injection of morphine. Distance travelled was
measured for 3 h after morphine injection.

Experimental 3: Effect of intra-NAc administration of SCH23390
or U0126 on the expression of locomotor sensitization to morphine
in rats that received lesions of the NAc with 6-OHDA. Rats
received lesions of the NAc with 6-OHDA before performing
locomotor sensitization procedures. Animals used for lesion
studies received an injection of desipramine HC1
(25 mg•kg�1, i.p.), a procedure that permits the selective
destruction of dopaminergic neurons by 6-OHDA (Breese
and Traylor, 1971), 45 min before 6-OHDA or its vehicle.
They were then anesthetized with pentobarbital
(55 mg•kg�1, i.p.) and placed in a stereotaxic instrument. A
scalp incision was made, and two small holes were drilled
into the skull to allow passage of a 26-gauge injection
needle into the NAc. 6-OHDA was dissolved in saline
containing 0.02% ascorbic acid. Each rat was then infused
bilaterally with 3.0 μL of 6-OHDA (4.0 μg/1.0 μL). Sham-
lesioned rats received 3.0 μL of the vehicle into each NAc.
The duration of infusions was 6 min, and the needle was
left in place for an additional 3 min to ensure complete
solution delivery. The following coordinates were employed
for the NAc injection: 1.7 mm anterior to bregma, ±1.7 mm
from midline and 7.2 mm from skull surface. After surgery,
animals were allowed to recover for 7 days. The behavioural
sensitization procedures were performed as described above.
For the role of D1 receptors and ERK to be tested in the
expression of behavioural sensitization, 0.5 μL of SCH23390
(0.2 μg•μL�1) and 0.5 μL of U0126 (0.2 μg•μL�1) were
administrated by bilateral intra-NAc microinjection 30 min
before challenge injection of morphine.

Experimental 4: Effect of intra-NAc administration of SCH23390
on locomotor activity to intra-NAc administration of DAMGO in
rats that received lesions of the NAc with 6-OHDA. Lesions of
the NAc with 6-OHDA were performed as described above.
The behavioural sensitization procedures were identical
except that the i.p. morphine injection was replaced by
intra-NAc injections of 0.5 μL DAMGO (0.4 μg•μL�1) before
rats were placed back in the box where distance travelled
was measured for 3 h and that challenges injection of
morphine were not performed 2 days after the DAMGO
microinjection. For the role of D1 receptors to be tested in
the induction of locomotor activity, 0.5 μL of SCH23390
(0.2 μg•μL�1) was administrated by bilateral intra-NAc
microinjection 10 min before intra-NAc injection of
DAMGO.

Locomotor sensitization test for D1A receptor
deficient mice
Wild type (+/+), homozygous (�/�) and heterozygous (+/�)
mice were habituated to the test apparatus, handling and pro-
cedure for 3 consecutive days before the formal experiments
as described above. On the day 4, after habituation proce-
dures, mice received a morphine injection (10 mg•kg�1, s.c.)
and were immediately placed in the activity monitoring
boxes where distance travelled was measured for 3 h. The
second injection of morphine (10 mg•kg�1, s.c.) were per-
formed after 5 days of drug abstinence and distance travelled
was measured for 3 h.

Histology
After the completion of behavioural testing, animals were
anaesthetized and then decapitated. The brains were re-
moved and sectioned in a cryostat to verify the location of
the needle tracks and cannulae placement. Data from rats
with histologically incorrect cannulae placements were not
used for subsequent data analysis. For 6-OHDA-lesioned rats,
cryostat sections of the brain were processed using standard
immunocytochemical methods, as previously described in
detail. After washing with 0.1 mol•L�1 phosphate buffer, sec-
tions were blocked with 10% normal bovine serum for 2 h at
room temperature and incubated overnight in primary anti-
body (mouse anti-tyrosine hydroxylase antibody, 1:1000 di-
lution in 10% normal bovine serum) at 4°C and then
incubated with secondary antibody (biotinylated goat anti-
mouse IgG, 1:200 dilution in 10% normal bovine serum) for
2 h at room temperature. After incubation with secondary an-
tibody, these sections were visualized using a SABC kit and a
kit employing 0.1% 3,30-diaminobenzidine as the chromo-
gen. The brain slices were subsequently dehydrated in alco-
hol and xylene and coverslipped and imaged on an
Olympus IX51 microscope.

Data and statistical analysis
The data and statistical analysis in this study comply with
the recommendations on experimental design and analysis
in pharmacology (Curtis et al., 2015). The results are pre-
sented as mean ± SEM. Statistical analyses were conducted
using GraphPad Prism 5.0. The data were analysed with
one- or two-way ANOVA followed by Dunnett’s post hoc
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tests or Student’s t-tests, as appropriate. Differences with
P < 0.05 were considered statistically significant.

Materials
[3H]Diprenorphine (50 Ci·mmol�1), [3H]SCH23390
(90 Ci·mmol�1) and guanosine 5-O-(3-[35S] thio) triphosphate
([35S]GTPγS) (1030 Ci·mmol�1) were purchased from Perkin
Elmer (Boston, MA, USA). DAMGO, SCH23390, naloxone,
6-OHDA, ascorbic acid, desipramine, IBMX, forskolin,
GTPγS, GDP, 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate, protein A-sepharose, anti-FLAG antibody,
anti-hemagglutinin (HA) antibody and anti-actin antibody
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
U0126 was purchased from Promega (Madison, WI, USA).
The phospho-ERK1/2 antibody, ERK antibody and c-Fos anti-
body were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The μ opioid receptor antibody (ab 137277)
and D1 receptor antibody (ab 20066) were purchased from
Abcam (Cambridge, MA, USA).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Southan et al., 2016), and are perma-
nently archived in the Concise Guide to PHARMACOLOGY
2015/16 (Alexander et al., 2015a,b).

Results

SCH23390 counteracted DAMGO and
morphine stimulation of [35S]GTPγS binding
and inhibition of adenylyl cyclase in cells
expressing μ receptors and D1 receptors
The stimulation of opioid receptors by agonists results in acti-
vation of G protein, which can be monitored directly by
measuring agonist-mediated increase in [35S]GTPγS binding,
and inhibition of adenylyl cyclase activity, leading to a de-
crease in the level of intracellular cAMP. To explore whether
functional interactions between μ receptors and D1 receptors
can occur in co-transfected HEK293 cells, we examined the
binding of [35S]GTPγS to membrane receptors and change in
intracellular cAMP concentrations in response to the selective
μ receptor agonist DAMGO or morphine stimulation, in the
absence or presence of the selective D1 receptor antagonist
SCH23390 in cells expressing individual or a combination of
two receptors. We first examined the effect of SCH23390 on
DAMGO and morphine-stimulated [35S]GTPγS binding in
cells expressing μ receptors and D1 receptors or expressing μ
receptors alone. As shown in Figure 1A, treatment of cells ei-
ther expressing two receptors or expressing μ receptors alone
with various concentrations of DAMGO for 1 h resulted in a
significant enhancement of [35S]GTPγS binding. However, in
the presence of 1 μM SCH23390, the ability of DAMGO to
stimulate [35S]GTPγS binding was significantly decreased

Figure 1
The D1 receptor antagonist SCH23390 attenuated μ receptor signalling mediated by selective μ receptor agonists DAMGO or morphine. (A, B)
SCH23390 inhibited DAMGO or morphine-stimulated [35S]GTPγS binding. Membranes prepared from CHO cells co-expressing μ receptors
(μOR) and D1 receptors (D1R) or expressing μ receptors alone were stimulated with various concentrations of DAMGO (A) or morphine (B) with
or without 1 μM SCH23390, and the [35S]GTPγS binding was measured. Values are expressed as the mean ± SEM of three independent experi-
ments in triplicate. (C) Effect of SCH23390 on basal [35S]GTPγS binding in the absence of DAMGO. (D, E) SCH23390 antagonized DAMGO or
morphine-inhibited adenylyl cyclase. CHO cells stably expressing μ receptors either alone or in combination with D1 receptors were treated with
1 μMDAMGO (D) or 10 μMmorphine (E) for 1 h, and then 10 μM forskolin-stimulated cAMP accumulation was measured. The results were nor-
malized to 10 μM forskolin-stimulated cAMP accumulation and expressed as the mean ± SEM of four independent experiments in triplicate.
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in cells expressing μ receptors and D1 receptors to-
gether (EC50 and Emax from 15 ± 3.6 nM and 237 ± 3%
in the absence of SCH23390 to 130 ± 32 nM and
175 ± 3% in the presence of SCH23390, respectively). By
contrast, SCH23390 had no effect on the ability of DAMGO
to stimulate [35S]GTPγS binding in cells expressing μ recep-
tors alone (right panel). Similarly, treatment of cells express-
ing μ receptors and D1 receptors or expressing μ receptors
alone with various concentrations of morphine for 1 h also
resulted in a significant enhancement of [35S]GTPγS binding
(Figure 1B). Pretreatment with 1 μM SCH23390 led to a sig-
nificant attenuation of the efficacy of morphine-stimulated
[35S]GTPγS binding in cells co-expressing μ receptors and D1

receptors (Emax from 192 ± 0.1% in the absence of

SCH23390 to 163 ± 3% in the presence of SCH23390)
(Figure 2B) but had no effect on the potency of morphine-
stimulated [35S]GTPγS binding (161 ± 64 nM vs.
166 ± 32 nM). SCH23390 had no significant effect on the abil-
ity of morphine to stimulate [35S]GTPγS binding in cells
expressing μ receptors alone (Figure 1B, right panel) and on
basal [35S]GTPγS binding in membranes prepared from cells
expressing two receptors or expressing μ receptors alone
(Figure 1C). In addition, the effects of SCH23390 on the
ligand binding affinity of μ receptors were determined.
We found that treatment of cells expressing both μ recep-
tors and D1 receptors with 1 μM SCH23390 for 1 h did not
significantly affect binding properties of DAMGO (data not
shown).

Figure 2
SCH23390 suppressed DAMGO-mediated activation of ERK1/2 andmorphine-mediated expression of c-Fos protein. (A, B) SCH23390 attenuated
DAMGO-induced increase in phosphorylated ERK1/2. HEK293 cells expressing μ receptors (μOR) and D1 receptors (D1R) (A) or expressing μ re-
ceptors alone (B) were treated with DAMGO (1 μM) for indicated time points in the absence or presence of SCH23390 (1 μM). The phosphory-
lation of ERK1/2 was determined by immunoblotting and quantified by densitometry. Upper panels show representative blots from Western
blotting. Bottom panels show quantification of blots of phospho-ERK1/2. Values are expressed as the mean ± SEM of three independent experi-
ments. (C) SCH23390 inhibited morphine-induced increase in c-Fos protein levels. HEK293 cells expressing μ receptors and D1 receptors were
treated with saline or morphine (10 μM) in the presence or absence of SCH23390 (1 μM). After 1 h, nuclear fractionation was isolated. The nuclear
fraction (nuclei) and crude extract (total extract) were analysed by SDS-PAGE and immunoblotted by using rabbit anti-c-Fos (1:500) and mouse
anti-actin (1:5000) respectively. The intensities of the immunoreactive bands were quantified by densitometry. Upper panels show representative
blots of c-Fos from Western blotting. Lower panels show quantification of blots of c-Fos. All values are normalized against actin as a control pro-
tein. Values are expressed as the mean ± SEM of three independent experiments.
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We next examined the effect of SCH23390 on DAMGO
and morphine inhibition of forskolin-stimulated cAMP accu-
mulation in cells expressing μ receptors and D1 receptors or
expressing μ receptors only. As shown in Figure 1D, treatment
of both sets of cells with 1 μM DAMGO for 1 h resulted in a
significant decrease in 10 μM forskolin-stimulated cAMP ac-
cumulation. However, when cells expressing μ receptors and
D1 receptors were treated simultaneously with DAMGO and
SCH23390 (1 μM) for 1 h, intracellular cAMP concentration
was significantly higher than that in cells treated with
DAMGO alone. This indicates that the ability of DAMGO to
inhibit forskolin-stimulated cAMP accumulation is decreased
in the presence of SCH23390. Similarly, when cells expressing
both μ receptors and D1 receptors were treated concomitantly
with morphine (10 μM) and SCH23390 (1 μM) for 1 h,
forskolin-stimulated cAMP accumulation was also signifi-
cantly higher than that in cells treated with morphine alone
(Figure 1E). Simultaneous administration of SCH23390 with
DAMGO or morphine had no effect on DAMGO or morphine
inhibition of forskolin-stimulated cAMP accumulation in the
cells expressing μ receptors alone. As exposure to μ receptor
agonists induced receptor internalization, to exclude the in-
fluence of receptor number on signalling assays, we also ex-
amined whether treatment of cells with SCH23390 altered
the surface receptor number. It was found that treatment
of cells expressing both μ receptors and D1 receptors with
1 μM SCH23390 for 1 h did not alter the surface receptor
number of μ receptors (data not shown). Taken together,
these results indicate that functional interactions occur be-
tween μ receptors and D1 receptors in heterologous cells
expressing both receptors.

SCH23390 attenuated DAMGO-induced
ERK1/2 phosphorylation and
morphine-induced c-Fos expression in HEK cells
expressing μ receptors and D1 receptors
ERK1/2 is an important downstream signalling molecule reg-
ulated by opioid receptors. The activation of μ receptors by
DAMGO or morphine results in an increase in the phosphor-
ylation of ERK1/2 (Gomes et al., 2000; Valjent et al., 2004).
Next, we examined the effect of SCH23390 on DAMGO-
induced activation of ERK1/2 in HEK293 cells expressing
μ receptors and D1 receptors or expressing μ receptors only.
Both sets of cells were exposed to 10 μM DAMGO in the
presence or absence of SCH23390 (1 μM) for different times
as indicated in Figure 2A, B. The extracts from lysed cells
were analysed by Western blot to show the temporal pat-
tern of ERK activation using anti-phospho-ERK1/2 antibod-
ies. As shown in Figure 2A, ERK1/2 activation was rapid,
but transient. A robust increase of ERK1/2 phosphorylation
was found at 5 min after DAMGO treatment and then de-
clined rapidly. The kinetics of ERK1/2 activation were sig-
nificantly modified by simultaneous administration of
1 μM SCH23390 in cells expressing μ receptors and D1 re-
ceptors together. However, pretreatment with SCH23390
failed to attenuate DAMGO-induced activation of ERK1/2
in cells expressing μ receptors alone (Figure 2B).

The expression of the immediate-early gene c-Fos is
strongly regulated by the ERK1/2 pathway (Thomas and
Huganir, 2004). Stimulation of μ receptors by morphine or

DAMGO induces expression of c-Fos via activation of
ERK1/2 (Shoda et al., 2001). To further confirm that D1

receptors can influence μ receptor-mediated signalling
induced by DAMGO and morphine in the absence of dopa-
mine release, we determine the effect of SCH23390 on
morphine-stimulated c-Fos expression in HEK293 cells ex-
pressing μ receptors and D1 receptors. Cells were treated
with morphine (10 μM) for 1 h, and then nuclei extracts
were isolated for detecting c-Fos expression. As shown in
Figure 2C, morphine treatment induced a robust expres-
sion of c-Fos in HEK293 cells expressing the two receptors.
However, when SCH23390 (1 μM) was administrated con-
comitantly with morphine, increases in c-Fos expression
response to morphine stimulation were significantly
inhibited. SCH23390 alone did not show any effect on the
expression of c-Fos in cells expressing both receptors. These
results further support that there is a functional interactions
between μ receptors and D1 receptors in heterologous cells
expressing both receptors.

Physical association between μ receptors
and D1 receptors could be detected by
co-immunoprecipitation and BRETassays
in heterologous cells expressing both
receptors
The data presented above show that, in HEK293 cells ex-
pressing both μ receptors and D1 receptors, blockade of D1

receptors with SCH23390 substantially inhibited the effects
of morphine and DAMGO. As morphine and DAMGO do
not induce dopamine release in heterologous cells express-
ing these receptors, one explanation for these observations
is that physical associations between μ receptors and D1 re-
ceptors may play a role in the functional interactions be-
tween these receptors. Co-immunoprecipitation has been
used extensively to study GPCR associations or receptor
complexes. Thus, we next examined the association be-
tween these two receptors by co-expressing HA-tagged μ re-
ceptors and Flag-tagged D1 receptors. Flag-tagged D1

receptors in cell lysates were immunoprecipitated with
anti-Flag antibodies, and the HA-tagged μ receptors in the
immunoprecipitate were visualized with anti-HA antibody.
As shown in Figure 3A, membranes prepared from the cells
expressing HA-tagged receptors alone or together with
Flag-tagged D1 receptors, subjected to electrophoresis re-
vealed a band of ~85 kDa corresponding to the μ receptor,
by immunoblotting with anti-HA antibodies (Figure 3A,
lanes 1 and 3). Likewise, membranes prepared from the cells
expressing Flag-tagged D1 receptors alone or together with
HA-tagged μ receptors subjected to electrophoresis revealed
a band of ~50 kDa corresponding to the D1 receptor, by im-
munoblotting with anti-Flag antibodies (Figure 3A, lanes 5
and 6). The Flag-tagged D1 receptor or the HA-tagged μ re-
ceptor could not be immunoblotted by using the anti-HA
antibodies, or the anti-Flag antibodies from membranes pre-
pared from the cells expressing only one receptor type
(Figure 3A, lanes 2 and 4). Interestingly, from membranes
prepared from cells expressing both HA-tagged μ receptors
and Flag-tagged D1 receptors, a band of ~130 kDa, which
corresponds to the complexes of μ receptors and D1 recep-
tors, could be co-immunoprecipitated by the mouse anti-
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Flag antibody and the HA-tagged μOR in the immunopre-
cipitate and were visualized with monoclonal anti-HA anti-
body (Figure 3A, lane 8). These complexes containing μ
receptors and D1 receptors were insensitive to DTT,
inasmuch as treatment of immuoprecipitates with 100 mM
DTT did not significantly alter their levels (Figure 3A, lane
9). Also, these complexes were not induced during
solubilization/immunoprecipitation conditions because
they were not seen in immunoprecipitates from a mix-
ture of cells individually expressing μ receptors or D1

receptors (Figure 3A, lane 7). These results indicate that

μ receptors and D1 receptors can physically associate,
because the receptor complexes can be isolated from
heterologous cells expressing these receptors by co-
immunoprecipitation.

The BRET approach has been used extensively to study
protein–protein interactions in living cells. It is based on
energy transfer from a bioluminescent donor to a fluores-
cent acceptor protein. To further confirm our results from
co-immunoprecipitation experiments, BRET was employed
to examine μ receptor and D1 receptor interaction in living
cells. For this assay, luciferase-tagged μ receptors or D1

Figure 3
μ receptors and D1 receptors form functionally interacting heteromeric complexes in heterologous cells. (A) Complexes containing μ receptors
(μOR) and D1 receptors (D1R) were detected in membranes from HEK293 cells expressing two receptors. Immunoprecipitation (IP) of cell lysates
from HEK293 cells individually expressing either HA-tagged μ receptors (HA-μOR) or Flag-tagged D1 receptors (Flag-D1R), mixed cells individually
expressing HA-μ receptors or Flag-D1 receptors or cells co-expressing HA-μ receptors and Flag-D1 receptors was performed using anti-HA antibod-
ies or anti-Flag antibodies. Western blotting (WB) of these immunocomplexes using anti-HA antibodies shows a ~130 kDa protein representing
the μ receptor-D1 receptor heterodimer only in cells co-expressing both HA-μ receptors and Flag-D1 receptors. Pretreatment of cells co-expressing
HA-μ receptors and Flag-D1 receptors with 50 mM DTT did not significantly alter the μ receptor-D1 receptor heterodimer levels. (B) Significant
BRET signals were detected in live HEK293 cells expressing μ receptors and D1 receptors by BRET. HEK293 cells were cotransfected with GFP-
and Rluc-fused μ receptor and D1 receptor constructs at the ratio of 1:1. BRET ratios were measured 24 h after transfection. The BRET signal
was determined by the ratio of the light emitted by the receptor-GFP (515 nm) over the light emitted by the receptor-Rluc (460 nm). (C) Signif-
icant BRET signals were also detected in live HEK293 cells expressing μ receptors and D1 receptors at levels roughly comparable with those found
in cells endogenously expressing these receptors (300–500 fmol·mg�1 protein) by BRET, and no significant BRET signals were detected in live cells
co-expressing μ receptors and muscarinic M2 receptors (M2R). (D) BRET saturation curves for μ receptor and D1 receptor homodimerization.
HEK293 cells were co-transfected with a fixing dose of Rluc-fusion receptor construct and increasing doses of GFP-fusion receptor construct.
Twenty-four hours after transfection, BRET signals were measured at room temperature. Co-transfection of M2R-Rluc did not induce any BRET sig-
nal. Results are the mean ± SEM of three or four independent experiments. (D) BRET saturation curves for μ receptor and D1 receptor
homodimerization. HEK293 cells were co-transfected with a fixing dose of Rluc-fusion receptor construct and increasing doses of GFP-fusion re-
ceptor construct. Twenty-four hours after transfection, BRET signals were measured at room temperature. Co-transfection of M2R-Rluc did not
induce any BRET signal. Results are the mean ± SEM of three or four independent experiments.
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receptors were expressed with GFP-tagged D1 receptors or μ
receptors, respectively, and the relative energy transfer be-
tween the two receptors was measured. As shown in
Figure 3B, a robust increase in BRET signal was observed
when μ receptors and D1 receptors were expressed together.
Because receptor overexpression will produce artificial sig-
nal in BRET assay due to non-specific aggregation of mem-
brane receptors (Wang et al., 2005a,b), we thus expressed
receptors at levels roughly comparable with those found
in cells endogenously expressing these receptors (300–500
fmol•mg�1 protein), and an identical enhancement of BRET
signal was also observed (Figure 3C), indicating that the inter-
action was not due to receptor overexpression. In addition, a
BRET signal was not seen when luciferase-tagged μ receptors
were expressedwithGFP-tagged humanmuscarinic M2 recep-
tors that had been shown to be unable to form heterodimers
with μ receptors (Wang et al., 2005a,b), suggestive of the spec-
ificity of this interaction (Figure 3C). For the propensity and
selectivity of μ receptors to form functionally interacting
complexes with D1 receptors to be further confirmed , BRET
saturation curves weremeasured by the titration of increasing
the concentrations of D1R-GFP or M2R-GFP (~200 to ~1000
fmol•mg�1 of protein) to a constant amount of μOR-Rluc
(~200 fmol•mg�1 of protein). As shown in Figure 3D, increase
in concentration of D1R-GFP led to a hyperbolic increase in
the BRET signal and reached a maximum BRET signal level,
when all μOR-Rluc molecules that engaged in
heterodimerization were in a complex with D1R-GFP. In con-
trast, with a fixed amount of donor receptor (μOR-Rluc), the
BRET signal did not increase when the level of acceptor recep-
tor (M2R-GFP) increased, confirming the selectivity of in-
teraction between μ receptors and D1 receptors. These
results show that μ receptors and D1 receptors establish
direct receptor–receptor interactions, forming μ receptor-
D1 receptor heteromers.

To determine whether the ligand binding properties of
the μ receptors were affected by its heterodimerization with
D1 receptors, saturation and competition binding studies
using [3H]diprenorphine were performed with membranes
derived from cells stably expressing μ receptors or in combi-
nation with D1 receptors. Saturation experiments revealed
that the values of KD and Bmax of the μ receptors in
membranes derived from cells co-expressing μ receptors and
D1 receptors were similar to those determined in membranes
prepared from cells only expressing μ receptors (Table 1). In
competition binding experiments performed with a

concentration of [3H]diprenorphine (0.1 nM), DAMGO
showed Ki values that were not significantly different from
that observed in cells expressing the μ receptors only
(Table 1). These results indicated that heterodimerization
with the D1 receptor did not significantly affect the overall
binding properties of μ receptors consistent with previous re-
ports (Juhasz et al., 2008).

Evidence for physical association between μ
receptors and D1 receptors and their direct
functional interaction in mouse striatum
To examine whether the complexes containing μ receptors
and D1 receptors are also present in endogenous tissue,
we use anti-μ receptor or anti-D1 receptor antibodies to
isolate μ receptor-D1 receptor immunocomplexes from
mouse striatum, where both receptors are co-expressed
in the same striatal neuron (Vliet et al., 1990; Juhasz
et al., 2008). As shown in Figure 4A, when D1 receptors
in striatal membranes was immunoprecipitated with
anti-μ receptor antibody and blotted with anti-D1 recep-
tor antibody (left panel) or immunoprecipitated with
anti-D1 receptor antibody and blotted with anti-μ recep-
tor antibody (right panel), a band at ~130 kDa, which
represents μ receptor-D1 receptor heteromeric complexes,
was found in striatal membranes. These results indicate
that the co-localization and physical association of μ re-
ceptors and D1 receptors are present in the mouse
striatum.

As complexes containing μ receptors and D1 receptors
were observed in mouse striatum, we examined whether
there was direct functional interaction between μ receptors
and D1 receptors in the striatum. To do this, we first measured
the effect of SCH23390 on DAMGO (1 μM)-stimulated
[35S]GTPγS binding in the striatal membranes prepared from
both wild-type and D1 receptor KO mice. As shown in
Figure 4B, pretreatment with SCH23390 (1 μM) for 1 h
significantly inhibited DAMGO-stimulated [35S]GTPγS
binding to the striatal membranes prepared from wild-type
mice, as it did in the membranes from heterologous cells ex-
pressing both receptors. However, pretreatment with 1 μM
SCH23390 for 1 h failed to produce significant inhibition of
DAMGO-stimulated [35S]GTPγS binding to the striatal mem-
branes prepared from D1 receptor KO mice, suggesting that
μ receptors and D1 receptors could interact functionally in
the striatum. Next, we tested SCH23390 on ERK1/2

Table 1
Ligand binding properties of μ receptors and μ receptor-D1 receptor complexes

[3H]Diprenorphine

Bmax (fmol·mg�1 protein) KD (nM) Ki (nM)

μOR 1102 ± 33 0.29 ± 0.02 3.21 ± 0.46

μOR-D1R 1356 ± 118 0.32 ± 0.06 2.96 ± 0.52

The KD, number of maximal binding site (Bmax) and the affinity (Ki) of μ receptors (μOR) and μ receptor–D1 receptor (μOR-D1R) measured in membranes
prepared from HEK293 cells individually expressing μ receptors or co-expressing μ receptors and D1 receptors,by saturation and competition binding
assays. Saturation binding assays were performed with various concentrations of [3H]diprenorphine (0.05 to 1 nM), and competition inhibition assays
were performed with 0.5 nM of [3H]diprenorphine and different concentrations of DAMGO (0.01 nM to 100 μM). Data are presented as mean ± SEM of
three independent experiments performed in triplicate.
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Figure 4
Immunocomplexes containing μ receptors (μOR) and D1 receptors (D1R) and functional interaction of two receptors were present in rodent stri-
atum. (A) Heterodimeric complexes of μ receptors and D1 receptors were found inmouse striatal membranes. Solubilized striatal membranes from
mice were subjected to immunoprecipitation (IP), using anti-μ receptor or anti-D1 receptor antibodies, as described. Immunocomplexes isolated
by using anti-μ receptor or anti-D1 receptorantibody were immunoblotted (WB) by using anti-D1 receptor or anti-μ receptor antibodies. A band of
130 kDa is seen only upon administration of anti-D1 receptor or anti-μ receptor antibodies (lanes 2 and 4) and not in administration of non anti-D1

receptor or anti-μ receptor antibody vehicle control (lanes 1 and 3). (B) Effect of SCH23390 on DAMGO-stimulated [35S]GTPγS binding to mouse
striatal membranes prepared from wild-type and D1 receptor KOmice. Striatal membranes prepared from wild-type mice or D1 receptor KOmice
were treated with 1 μM DAMGO with or without 1 μM SCH23390, and [35S]GTPγS binding was measured as described. Values are expressed as
the mean ± SEM of three independent experiments performed in triplicate. (C) SCH23390 suppressed DAMGO-induced activation of ERK. Cul-
tured striatal neurons were treated with DAMGO (1 μM) for 15 min in the absence or presence of SCH23390 (1 μM). The phosphorylation of
ERK1/2 was determined by immunoblotting and quantified by densitometry as described. Top panel shows representative blots from Western
blotting (WB); lower panel shows quantification of blots of phospho-ERK1/2. Values are expressed as the mean ± SEM of four independent exper-
iments. (D) SCH23390 failed to attenuate morphine-induced activation of ERK1/2 in D1 receptor KOmice. D1 receptor KOmice were treated with
morphine (10 mg·kg�1, s.c.) with or without SCH23390 (0.03 mg·kg�1, i.p.) for 2 h. SCH23390 was given 10 min prior to morphine administra-
tion. (E, F) SCH23390 attenuated morphine-induced c-Fos expression in wild-type but not D1 receptor KO mice. Wild-type and D1 receptor KO
mice were treated with morphine (10 mg·kg�1, s.c.) with or without SCH23390 (0.03 mg·kg�1, i.p.) for 2 h. SCH23390 was given 10 min prior
to morphine administration. Extracts of mouse striatum (50 μg) were subjected to SDS-PAGE and immunoblotted by using rabbit anti-c-Fos
(1:500). The intensities of the immunoreactive bands were quantified by densitometry. Top panel shows representative blots from Western blot-
ting. Lower panel shows quantification of blots of c-Fos. All values are normalized by using actin as a control protein. Values are expressed as the
mean ± SEM (n = 6). *P < 0.05, significantly different from saline-treated control group; #P < 0.05, significantly different from morphine-treated
group.
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phosphorylation stimulated by DAMGO or morphine, in pri-
mary cultures of striatal neurons and D1 receptor KO mice.
Consistent with the observation in heterologous cells, when
striatal neurons were treated simultaneously with DAMGO
(10 μM) and SCH23390 (1 μM) for 10min, a significant reduc-
tion of DAMGO-stimulated ERK1/2 phosphorylation was ob-
served, as compared with that treated with DAMGO alone
(Figure 4C). However, pretreatment of D1 receptor KO mice
with SCH23390 (0.03 mg·kg�1, i.p.) failed to produce signifi-
cant inhibition of morphine (10 mg·kg�1, s.c.)-stimulated
ERK1/2 phosphorylation (Figure 4D). To further confirm
the interaction between μ receptors and D1 receptors in
the striatal response to opiate treatment, we determined the
effect of SCH23390 onmorphine-stimulated c-Fos expression
in wild type and D1 receptor KO mice. As shown in Figure 4E,
increase in c-Fos expression in mouse striatum induced by
morphine injection (10 mg·kg�1, s.c.) could be inhibited
significantly by SCH23390 (0.03 mg·kg�1, s.c.) 10 min prior
to morphine administration. However, pretreatment of D1 re-
ceptor KO mice with SCH23390 had no effect on morphine-
induced increase in c-Fos expression (Figure 4F). SCH23390
itself had no significant effect on c-Fos expression in mouse
striatum. Taken together, these results clearly indicate that

physical association between μ receptors and D1 receptors
and their direct functional interaction can also be observed
occur in mouse dopaminergic striatum.

Effect of systemic administration of SCH23390
on morphine-induced locomotor activity in
mice
Activation of ERK1/2 and induction of c-Fos expression are
involved in locomotor sensitization to opiates and
psychostimulants (Erdtmann-Vourliotis et al., 1999;
Crombag et al., 2002; Valjent et al., 2005; Borgkvist et al.,
2008) and activation of D1 receptors is required for the activa-
tion of ERK1/2 (Valjent et al., 2005; Borgkvist et al., 2008) and
expression of c-Fos (Liu et al., 1994; Valjent et al., 2000; Zhang
et al., 2004) induced by addictive drugs. To investigate the
role of D1 receptors in locomotor sensitization to morphine,
we examined the effect of systemic administration of
SCH23390 on locomotor activation induced by chronic mor-
phine treatment. The animals were injected with morphine
(10 mg·kg�1, s.c., twice daily) with or without SCH23390
(0.03 mg·kg�1, i.p.) over a period of 7 days, and control ani-
mals were injected with saline or SCH23390 at corresponding

Figure 5
Effects of SCH23390 onmorphine-induced locomotor activation and sensitization in mice. (A) SCH23390 inhibitedmorphine-induced locomotor
activation. Mice were treated with saline, SCH23390 (0.03 mg·kg�1, i.p.), morphine (10 mg·kg�1, s.c., twice daily) or morphine plus SCH23390
for 7 consecutive days. Locomotor activity (distance travelled over a period of 180 min in m) was measured on days 1, 3, 5 and 7. (B) SCH23390
prevented the induction of behavioural sensitization from chronic morphine treatment. Seven days after the last administration of morphine, an
additional challenge injection of morphine (10 mg·kg�1, s.c.) was given to each group. (C) SCH23390 suppressed the expression of behavioural
sensitization. The mice were chronically treated with morphine for 7 consecutive days. After another 7 days of abstinence, the animals were chal-
lenged with morphine with or without pretreatment with SCH23390. Values are expressed as the mean ± SEM (n = 10). *P < 0.05, significantly
different from saline-treated control group; #P < 0.05, significantly different from morphine alone-treated group. One-way ANOVA followed
by Dunnett’s post hoc tests.
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times. As shown in the Figure 5A, mice chronically treated
with morphine displayed a time-dependent increase in loco-
motor activity. However, mice chronically treated with mor-
phine in combination with SCH23390 displayed significant
reduction of locomotor activity as compared with mice
treated with morphine alone. Mice treated with saline or
SCH23390 alone did not differ in locomotor activation. Next,
locomotor sensitization to morphine was examined by a
challenge injection of morphine. Seven days after the last ad-
ministration of morphine, an additional challenge injection
of morphine (10 mg·kg�1, s.c.) was given to each group. As
shown in Figure 5B, a significant locomotor sensitization
was detected in morphine-treated mice after a challenge in-
jection of morphine. However, mice concomitantly treated
with morphine and SCH23390 for 7 consecutive days
displayed significant reduction of locomotor sensitization
following a challenge injection of morphine as compared
with mice treated with morphine alone. SCH23390-treated
mice did not differ significantly from saline-treated mice in
locomotor sensitization. Next, we examined the effect of
SCH23390 on the expression of locomotor sensitization. As
shown in Figure 5C, mice chronically treated with morphine
for 7 consecutive days displayed robust locomotor sensitiza-
tion following a challenge injection of morphine. However,
when SCH23390 (0.03 mg·kg�1, i.p.) was given prior to the
challenge injection of morphine, locomotor sensitization
was significantly inhibited.

Intra-NAc injections of SCH23390 and
ERK1/2 inhibitor U0126 prevented the
expression of locomotor sensitization to
morphine in rats
Investigations of the role of D1 receptors in morphine and
psychostimulant-induced locomotor sensitization have pro-
vided inconsistent results about the importance of D1 recep-
tors for the development and expression of locomotor
sensitization. Although SCH23390 blocked the development
of morphine and amphetamine-induced locomotor sensitiza-
tion (Vezina and Stewart, 1989; Vezina, 1996), this antago-
nist also blocked only the expression, but not the induction
of morphine- and cocaine-induced locomotor sensitization
(McCreary and Marsden, 1993; Jeziorski and White, 1995;
White et al., 1998). To explore the role of D1 receptors in
the expression of locomotor sensitization to opiates, we ex-
amined the effects of systemic or local administration of
SCH23390 on the expression of locomotor sensitization to
morphine using a single morphine treatment (Valjent et al.,
2010). Rats received a first injection ofmorphine (10mg·kg�1,
i.p.) and then were challenged with a test injection of mor-
phine (10 mg·kg�1, i.p.) 2 days later. SCH23390 was given
by i.p. injection (0.03 mg·kg�1) or by intra-NAc injection
(0.1 μg/0.5 μL/side) 30 min before test injection of morphine.
As shown in Figure 6A, B, rats that received the first injection
of morphine displayed robust enhancement of locomotor ac-
tivity response to the test injection of morphine. However,
the increased responsiveness to the test injection of mor-
phine was markedly reduced when SCH23390 was given
either by i.p. injection (0.03 mg·kg�1; Figure 6A) or by intra-
NAc injection (0.1 μg/0.5 μL/side; Figure 6B) before the test
injection of morphine.

A recent study showed that SCH23390 blocked the devel-
opment of behavioural sensitization to D-amphetamine
through agonist action at 5-HT2C receptors (Lanteri et al.,
2008). To determine whether the inhibition of expression of
behavioural sensitization to morphine by SCH23390 was
due to this activity, we tested the effect of the 5-HT2C receptor
antagonistRS102221 on SCH23390 inhibition of the expres-
sion of behavioural sensitization. As shown in Supporting
Information Figure S1, when RS102221 (0.2 μg/0.5 μL/side)
was administered into the NAc with SCH23390, it had no ef-
fect on SCH23390 inhibition of the expression of behavioural
sensitization to morphine. Additionally, intra-NAc injection
of RS102221 alone did not impair significantly the expression
of behavioural sensitization to morphine.

Because ERK inhibitors prevent addictive drug-induced
locomotor sensitization (Valjent et al., 2000, 2005), we
next studied the effects of intra-NAc administration of
U0126 on the expression of locomotor sensitization to
morphine. As shown in Figure 6C, as rats pretreated with
SCH23390, rats pretreated with U0126 (0.1 μg/0.5 μL/side)
also displayed marked reduction of increased responsive-
ness to the test injection of morphine. These results indi-
cate a role for D1 receptor-mediated ERK signalling in the
expression of locomotor sensitization. Figure 6D illus-
trated the microinjection tips located in the NAc.

D1 receptors and ERK1/2 were also involved in
the expression of locomotor sensitization to
morphine in rats that received lesions of the
NAc with 6-OHDA or direct injections of
DAMGO into the NAc
Several previous studies have shown that blockade of dopa-
mine release by destroying the dopaminergic terminals
within the NAc using 6-OHDA or electrolytic lesions of the
mesocorticolimbic dopaminergic transmission does not abol-
ish the increased locomotor activity induced by systemic opi-
ate treatment (Kalivas and Bronson, 1985; Stevens et al.,
1986; Vaccarino et al., 1986). In addition, direct administra-
tion of opiates into the NAc also produces locomotor activa-
tion and sensitization (Kalivas et al., 1983). To explore
whether D1 receptors and ERK1/2 also contributed to the ex-
pression of locomotor sensitization to morphine, indepen-
dently of dopaminergic transmission, we determined the
effect of intra-NAc injection of SCH23390 or U0126 on sys-
temic morphine-induced locomotor sensitization in rats that
had been injected bilaterally with 6-OHDA in the NAc, to de-
stroy the terminal projections of the mesolimbic dopaminer-
gic system originating in the VTA. As shown in Figure 7A, in
rats treated with 6-OHDA in the NAc, morphine (10 mg·kg�1,
i.p.) still produced locomotor sensitization. However, when
SCH23390 (0.1 μg/0.5 μL/side) was microinjected into the
NAc 30 min before the test injection of morphine, the in-
creased responsiveness to the test injection of morphine
was significantly decreased. However, when SCH23390
(0.1 μg/0.5 μL/side) was injected into the NAc of rats that
were not pretreated with morphine before the test injection
of morphine, it did not differ significantly from intra-NAc in-
jection of vehicle before the test injection of morphine in lo-
comotor sensitization (Figure 7C). The results indicate that
D1 receptors in the NAc are essential for the expression of
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locomotor sensitization even when dopaminergic transmis-
sion from the VTA to NAc is disrupted.

Next, we tested the effects of intra-NAc administration of
U0126 on the expression of locomotor sensitization to mor-
phine in rats treated with 6-OHDA in the NAc. Rats pretreated
with U0126 (0.1 μg/0.5 μL/side) before the test injection of
morphine also displayed a marked reduction of locomotor
sensitization after morphine challenge injection (Figure 7B).
However, when U0126 (0.1 μg/0.5 μL/side) was injected into
the NAc of rats that were not pretreated with morphine be-
fore the test injection of morphine, it did not differ signifi-
cantly from intra-NAc injection of vehicle before the test
injection of morphine in locomotor sensitization
(Figure 7C). The results suggest that ERK1/2 can contribute
to the expression of locomotor sensitization to morphine,
independently of dopaminergic transmission.

To further confirm that D1 receptors contributed to the
expression of locomotor sensitization independently of do-
paminergic transmission, we directly injected DAMGO into
the NAc of rats treated with intra-NAc injections of 6-OHDA,
then examined the effect of intra-NAc injection of SCH23390
on the locomotor activity induced by DAMGO. Consistent
with previous studies, microinjection of DAMGO (0.2 μg/
0.5 μL/side) into the NAc significantly increased locomotor
activity in rats that received 6-OHDA (Figure 7D). However,
when SCH23390 (0.1 μg/0.5 μL/side) was microinjected into
the NAc 30 min before DAMGO administration, the
increased locomotor responsiveness to DAMGO was signifi-
cantly reduced. Rats pretreated with SCH23390 alone did
not exhibit significant alteration in locomotor activity, com-
pared with animals that were intra-NAc injected with saline.
Figure 7E illustrated the microinjection tips located in the

Figure 6
Administration of SCH23390 or U0126 before challenge injection (Test inj) of morphine blocked the expression of behavioural sensitization to
morphine. Rats were treated with morphine (10 mg·kg�1, i.p.). Two days later, these rats either were challenged with morphine (10 mg·kg�1,
i.p.) or were injected with SCH23390 or U0126 before challenge with morphine. Locomotor responses (distance travelled over a period of
180 min in cm) were measured after challenge with morphine. (A) Systemic administration of SCH23390 blocked the expression of behavioural
sensitization to morphine. SCH23390 (0.03 mg·kg�1, i.p.) was given 30 min prior to challenge with morphine. (B) Local administration of
SCH23390 blocked the expression of behavioural sensitization to morphine. SCH23390 (0.1 μg/0.5 μL/side) or SCH23390 plus RS102221
(0.2 μg/0.5 μL/side) was microinjected into the NAc 30 min prior to challenge with morphine. (C) U0126 (0.1 μg/0.5 μL/side) was microinjected
into the NAc 30 min prior to challenge with morphine. Values are expressed as the mean ± SEM (n = 8–10). *P < 0.05, significantly different from
the first injection of morphine; #P < 0.05, significantly different from challenge injection of morphine without SCH23390 or U0126. One-way
ANOVA followed by Dunnett’s post hoc tests. (D) Schematic representation of inj sites in the NAc for rats used in the experiments.
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NAc. These results provide further evidence that D1 receptors
contribute to the increased locomotor activity after opiates,
independently of dopaminergic transmission. Figure 7F
shows photomicrographs illustrating the tyrosine hydroxy-
lase immunoreactive neurons in the striatum after bilateral
intra-NAc infusion of 6-OHDA.

Loss of the formation of μ receptor and D1
receptor complexes and the expression of
locomotor sensitization to morphine in both μ
receptor and D1 receptor KO mice
Substantial evidence has suggested that physical association
between GPCRs may serve as a molecular basis for the possi-
ble existence of functional interactions between these

receptors (Ferré et al., 2014; Gomes et al., 2016). To explore
a possible role of physical association between μ receptors
and D1 receptors in morphine-induced locomotor sensitiza-
tion, we assessed the correlation between the physical
association between these two receptors and the expression
of locomotor sensitization to morphine in wild-type and μ
receptor and D1 receptor KO mice. As shown in Figure 8A,
although D1 receptor KO (D1R�/�) mice displayed an
increased basal locomotor activity (Xu et al., 1994), thesemice
failed to display significant enhancement of locomotor activ-
ity after the first and test injections of morphine. In contrast,
wild-type (D1R+/+) mice showed a robust increase in
locomotor activity response to the first and test injections of
morphine. Similarly, heterozygous (D1R+/�) mice also
displayed a robust increase in locomotor activity response to

Figure 7
Intra-NAc administration of SCH23390 or U0126 blocked systemic morphine or local DAMGO-induced behavioural responses in rats that received
lesions of the NAc with 6-OHDA. (A, B) Intra-NAc microinjection of SCH23390 or U0126 before challenge injection (Test inj) of morphine blocked
the expression of behavioural sensitization to morphine. Rats that received lesions of the NAc with 6-OHDA were treated with saline (Veh) or mor-
phine (10 mg·kg�1, i.p.). Two days later, these rats either were challenged with morphine (10 mg·kg�1, i.p.) or were intra-NAc microinjected with
SCH23390 (0.1 μg/0.5 μL/side) or U0126 (0.1 μg/0.5 μL/side) 30 min before challenge injection of morphine. (C) Effect of administration of
SCH23390 or U0126 before the challenge injection of morphine on behavioural sensitization expression in saline-treated control mice. Rats were
treated with saline; 2 days later, these rats were intra-NAc microinjected with SCH23390 (0.1 μg/0.5 μL/side) or U0126 (0.1 μg/0.5 μL/side),
30 min later, followed by a challenge injection of morphine (10 mg·kg�1, i.p.). Locomotor responses (distance travelled over a period of
180 min in cm) were measured after the challenge injection of morphine. Values are expressed as the mean ± SEM (n = 7–9). *P < 0.05, signifi-
cantly different from saline-treated control group; #P < 0.05, significantly different from test injection of morphine without SCH23390 or
U0126. One-way ANOVA followed by Dunnett’s post hoc tests. (D) Intra-NAc microinjection of SCH23390 suppressed locomotor activity induced
by direct administration of DAMGO into the NAc in rats that received lesions of the NAc with 6-OHDA. DAMGO (0.2 μg/0.5 μL/side) was injected
into NAc 10min after intra-NAc administration of SCH23390 (0.1 μg/0.5 μL/side) or saline. Locomotor responses (distance travelled over a period
of 180 min in cm) were measured after 2 h after DAMGO administration. Values are expressed as the mean ± SEM (n = 8). *P < 0.05, significantly
different from saline-treated control group; #P < 0.05, significantly different from DAMGO-treated group. One-way ANOVA followed by
Dunnett’s post hoc tests. (E) Schematic representation of injection sites in the NAc for rats used in the experiments. (F) Photomicrographs of
the tyrosine hydroxylase immunoreactive neurons in the striatum after bilateral intra-NAc infusion of 6-OHDA.
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the first and test injections ofmorphine as wild-typemice did,
although with a slightly lower response than that observed in
wild-type mice. Correspondingly, immunocomplexes con-
taining μ receptors and D1 receptors were detected in the
striatal membranes prepared from D1R+/+ and D1R+/�mice,
but not in the striatal membranes from D1R�/� mice
(Figure 8B). The failure to produce locomotor sensitization
to morphine in the D1R�/� mice supports the hypothesis
that μ receptors require functional D1 receptors for the
expression of locomotor sensitization.

Next, we examined the effects of deleting the μ receptors
in our model. As shown in Figure 8C, although wild-type
(μOR+/+) mice showed a robust increase in locomotor
activity response to the first and test injections of morphine,
locomotor sensitization to morphine was not observed
in the μ receptor KO (μOR�/�) mice. Correspondingly,
immunocomplexes containing μ receptors and D1 receptors
were detected in the striatal membranes prepared from
wild-type mice, but not in the striatal membranes from

μOR�/� mice (Figure 8D). Together, these results clearly indi-
cate that there is a correlation of between locomotor sensitiza-
tion and the formation of complexes containing μ receptors
andD1 receptors in the striatum and suggest that physical asso-
ciation between these two sets of receptors may play a role in
the expression of locomotor sensitization to opiates.

Discussion
Locomotor activation and sensitization are well-known
behavioural adaptations induced by opiate and other addic-
tive drug exposure. Although the detailed mechanisms
underlying such behavioural adaptations are not yet clear,
one molecular adaptation that is thought to contributing to
opiate-induced locomotor sensitization is the activation of
ERK1/2 and sequential induction of immediate early genes
(e.g. c-Fos) in the striatum (Liu et al., 1994; Bontempi and
Sharp, 1997; Borgkvist et al., 2008). Indeed, increase in c-Fos

Figure 8
Mice lacking μ receptors (μOR) or D1 receptors (D1R) do not show locomotor sensitization to morphine or form complexes containing μ receptors
and D1 receptors in the striatum. (A) D1 receptor KO mice (D1R�/�) were treated with morphine (10 mg·kg�1, s.c.), followed by a challenge in-
jection (test injection) of morphine (10 mg·kg�1, s.c.) after 5 days of drug abstinence. Locomotor responses were measured during 180 min after
the test injection of morphine. (B) complexes containing μ receptors and D1 receptors were detected only in wild-type and heterozygous mice but
not in D1 receptor-deficient mice. Solubilized striatal membranes from wild-type (D1+/+), heterozygous (D1+/-) or homozygous (D1-/-) mice
were subjected to immunoprecipitation(IP) by using anti-D1 receptor or anti-μ receptor antibodies, and immunocomplexes were immunoblotted
(WB) by using anti-μ receptor or anti-D1 receptor antibodies as described. (C, D) KOmice (μOR�/�) did not show locomotor sensitization tomor-
phine or form complexes containing μ receptors and D1 receptors in the striatum. Values are expressed as the mean ± SEM (n = 8–10). *P < 0.05,
different from first injection of morphine; #P< 0.05, different from wild-type and KOmice. Two-way ANOVA followed by Dunnett’s post hoc tests.
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expression in the striatum has been shown to couple early
neuronal responses to locomotor sensitization in response
to morphine and other addictive drug treatment
(Erdtmann-Vourliotis et al., 1999; Shim et al., 2001; Crombag
et al., 2002), and its expression is mainly dependent on acti-
vation of ERK1/2 (Valjent et al., 2000; Choe et al., 2002;
Zhang et al., 2004). Also, substantial evidence supports a role
of ERK1/2 in locomotor sensitization and drug addiction
(Valjent et al., 2000, 2005; Lu et al., 2006).

The striatum, specifically the ventral striatum (NAc),
plays a key role in the expression of locomotor sensitization.
It is well established that the interactions of μ receptors and
D1 receptors in the striatum are required for opiate-induced
ERK1/2 activation, c-Fos expression and locomotor sensitiza-
tion. ERK1/2 activation and c-Fos expression in the striatum
induced bymorphine are blocked by the selective D1 receptor
antagonist SCH23390 (Liu et al., 1994; Bontempi and Sharp,
1997; Borgkvist et al., 2008). Locomotor activation and sensi-
tization induced bymorphine can also be prevented by either
systemic or intra-NAc administration of either D1 receptor
antagonists (Longoni et al., 1987; Jeziorski and White, 1995)
or μ receptor antagonists (Stinus et al., 1980; Amalric and
Koob, 1985). Direct evidence to support the requirement of
interaction of the μ receptors and D1 receptors for locomotor
sensitization is that morphine fails to produce locomotor
activation and sensitization in the mice lacking in either D1

receptors (Becker et al., 2001; Urs et al., 2011) or μ receptors
(Sora et al., 2001; Yoo et al., 2003; Marquez et al., 2007).
Although much evidence points to a role of increased NAc
dopamine release-bridged interactions of μ receptors and D1

receptors in opiate-mediated locomotor activation and
sensitization, dopamine release-independent locomotor acti-
vation and sensitization have also been reported (Teitelbaum
et al., 1979; Stevens et al., 1986; Vaccarino et al., 1986).
However, the mechanisms underlying such dopamine-
independent but D1 receptor–dependent locomotor activa-
tion and sensitization were still unclear.

The major findings of the present study are that
μ receptor-D1 receptor heteromers are present in mouse
striatum and that D1 receptor antagonists can antagonize
μ receptor-mediated signalling and function independently
of dopaminergic transmission, most likely via allosteric
interactions through the μ receptor-D1 receptor heteromer.
We showed that the D1 receptor antagonist SCH23390
antagonized opiate-induced activation of G-protein, inhibi-
tion of adenylyl cyclase, phosphorylation of ERK1/2 and
expression of c-Fos in transfected cells expressing both
receptors and in striatal tissues from wild-type but not D1 re-
ceptor KO mice. The ability of an antagonist of one of the re-
ceptors to inhibit signals originated by stimulation of the
partner receptor is a biochemical characteristic that has been
described for receptor heteromers (Ferrada et al., 2009;
Navarro et al., 2010; González et al., 2012; Ferré et al., 2014).
Thus, our results imply the existence of μ receptor-D1 receptor
heteromers in mouse, as in rat (Juhasz et al., 2008). striatum,
and the formation of μ receptor-D1 receptor heteromers in
transfected cells and native tissue manifests itself in a form
of cross-antagonism. The existence of μ receptor-D1 receptor
heteromers are further supported by the immunoprecipita-
tion data, which show the existence of complexes containing
μ receptors andD1 receptors in co-transfected cells and rodent

striatum, and by the BRET data, which suggest that both
receptor types are in close proximity in live cells. Notably, the
difference in the effect of SCH23390 on DAMGO- and
morphine-induced G protein activation may be due to
allosteric interactions between μ receptor and D1 receptor
protomers. A previous study has demonstrated that μ receptors
and D1 receptors can form heteromers in heterologous expres-
sion systems (Juhasz et al., 2008). The results of the present
study are consistent with those of Berg et al., 2012 who found
a similar allosteric interaction between κ- receptors and
δ- receptors through receptor heteromer formation. These
authors showed that the κ-opioid receptor antagonist nor-
BNI decreased both potency and efficacy of the δ-opioid re-
ceptor agonist SNC80 and decreased the potency with no
change in efficacy of the δ-opioid receptor agonist DADLE
in primary cultures of adult rat peripheral sensory neurons.
These results provide evidence that such allosteric interac-
tions can be ligand-specific (Ferré et al., 2014).

Although it is now widely accepted that GPCRs can exist
as heterodimers or homodimers (Ferré et al., 2014), the func-
tional significance of receptor heterodimers or homodimers
remains less clear. So far, the vast majority of studies from
which functional inferences have been drawn by using cells
overexpressing GPCRs maintained in culture. Such studies
may not really reflect either the presence or physiological reg-
ulation of receptor heterodimers or homodimers in the natu-
ral tissues or their physiological or pathological significance.
In the present study, we demonstrate that μ receptors and
D1 receptors are present as heterodimers in the rodent
striatum. More importantly, we propose that the
heterodimerization of μ receptors and D1 receptors may be
one possible molecular mechanism by which D1 receptors
canmodulate μ receptor signalling and contribute to locomo-
tor sensitization expression, independently of dopamine
release. This possibility is supported by the following obser-
vations. First, in vitro, we demonstrated that the D1 receptor
antagonist SCH23390 antagonized the signalling originated
by stimulation of μ receptors with agonists in transfected cells
expressing two receptors and in striatal tissues fromwild-type
but not D1 receptor KO mice. Second, in vivo, we demon-
strated that, in the absence of dopamine release, following
the destruction of the dopaminergic projection from the
VTA to the NAc or direct microinjection of DAMGO into
the NAc, intra-NAc injections of SCH23390 significantly
inhibited systemic or intra-NAc administration of
morphine- or DAMGO-induced locomotor sensitization in
rats. As SCH23390 inhibits D1 receptor function rather than
its signalling, any change in μ receptor-mediated signalling
caused by an antagonist of D1 receptors could only be due
to protein–protein contact between the receptors. Finally,
we demonstrated that in mice lacking D1 receptors, μ
receptor-D1 receptor heterodimers were not detectable in
striatal membranes by co-immunoprecipitation; correspond-
ingly, these mice failed to produce locomotor sensitization to
morphine (also see Becker et al., 2001). In contrast, μ receptor-
D1 receptor heterodimers were detected in striatal mem-
branes derived from wild-type and heterozygous mice.
Correspondingly, these mice produced locomotor sensitiza-
tion to morphine, suggesting that the μ receptor-D1 receptor
heterodimer might be involved in the expression of locomo-
tor sensitization to opiates.
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In summary, this study has addressed the mechanism by
which D1 receptors modulate μ receptors signalling and func-
tion independently of dopaminergic transmission. We pro-
vide evidence for the presence of μ receptor-D1 receptor
heteromers in rodent striatum and demonstrate that D1 re-
ceptor antagonists can antagonize the signalling originated
by stimulation of μ receptors with agonists and inhibit μ re-
ceptor agonists-induced behavioural responses in rats, most
likely via allosteric interactions through μ receptor-D1 recep-
tor heteromers. Thus, our findings suggest that the physical
association between μ receptors and D1 receptors perhaps
via heterodimerization in the striatum may be a potential
mechanism for the described dopamine-independent expres-
sion of locomotor sensitization to opiates. Given the role of
locomotor sensitization in drug addiction, the present results
suggest that μ receptor-D1 receptor heterodimers may repre-
sent a unique pharmacological target in the search for new
drugs in the treatment of opioid addiction.
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Figure S1 Local administration of SCH23390 blocked the ex-
pression of behavioural sensitization to morphine.
SCH23390 (0.1 μg/0.5 μL/side) or SCH23390 plus RS102221
(0.2 μg/0.5 μL/side) was microinjected into the NAc 30 min
prior to challenge injection of morphine (A). Values are
expressed as the mean ± SEM (n = 8–10), *P < 0.05, compared
to the first injection of morphine; #P < 0.05, compared to
challenge injection of morphine without SCH23390, one
way ANOVA followed by Dunnett’s post hoc tests. Schematic
representation of injection sites in the NAc for rats used in
the experiments (B).
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