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Abstract
Several studies found in vitro evidence for heteromerization of dopamine D1 receptors (D1R) and D3 receptors (D3R), and it has
been postulated that functional D1R-D3R heteromers that are normally present in the ventral striatum mediate synergistic
locomotor-activating effects of D1R and D3R agonists in rodents. Based also on results obtained in vitro, with mammalian
transfected cells, it has been hypothesized that those behavioral effects depend on a D1R-D3R heteromer-mediated G protein-
independent signaling. Here, we demonstrate the presence on D1R-D3R heteromers in the mouse ventral striatum by using a
synthetic peptide that selectively destabilizes D1R-D3R heteromers. Parallel locomotor activity and ex vivo experiments in
reserpinized mice and in vitro experiments in D1R-D3R mammalian transfected cells were performed to dissect the signaling
mechanisms of D1R-D3R heteromers. Co-administration of D1R and D3R agonists in reserpinized mice produced synergistic
locomotor activation and a selective synergistic AKT phosphorylation in the most ventromedial region of the striatum in the shell
of the nucleus accumbens. Application of the destabilizing peptide in transfected cells and in the shell of the nucleus accumbens
allowed demonstrating that both in vitro and in vivo co-activation of D3R induces a switch from G protein-dependent to G
protein-independent D1R-mediated signaling determined by D1R-D3R heteromerization. The results therefore demonstrate that
a biased G protein-independent signaling of D1R-D3R heteromers localized in the shell of the nucleus accumbens mediate the
locomotor synergistic effects of D1R and D3R agonists in reserpinized mice.
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Introduction

The main localization of dopamine D3 receptors is the most
ventromedial region of the striatum, in the shell of the nucleus
accumbens (NAc) and the olfactory tubercle [1, 2], where they
are predominantly expressed in GABAergic efferent neurons
expressing D1 receptors (D1R) [1, 3]. Several studies found
in vitro evidence for heteromerization of D1R and D3R [4–6],
and it has been postulated that functional D1R-D3R
heteromers are present in the ventromedial striatum and in-
volved, not only with the pharmacological effects of D3R
ligands but also with the pathogenesis of several neuropsychi-
atric disorders, including L-DOPA-induced dyskinesia and
substance use disorders (see BDiscussion^ and [7–9]).

It is very well established that locomotor activity induced
by dopamine receptor agonists in reserpinized mice represents
activation of striatal post-synaptic receptors, without the con-
founding effect of endogenous dopamine. Therefore, by using
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different dopamine receptor agonists, this classical model al-
lows to dissect the role of the different striatal post-synaptic
dopamine receptor subtypes on the modulation of locomotor
activity [10, 11]. It was initially shown in reserpinizedmice that
a D3R agonist does not produce locomotor activation, but that it
significantly potentiates the locomotor activation induced by a
D1R agonist [6]. However, D1R and D3R couple respectively
to Gs/olf and Gi/o proteins [12]. We should then expect an
antagonistic effect upon simultaneous activation of both recep-
tors, based on a canonical Gs-Gi antagonistic interaction at the
adenylyl cyclase (AC) level, by which a Gi-coupled receptor
inhibits a Gs-coupled receptor-mediated AC activation [13].
Results obtained by Fiorentini et al. [4] suggested that within
the D1R-D3R heteromer, D3R activation potentiates D1R-
mediated AC signaling. However, more recently, the canonical
Gs-Gi antagonistic interaction could be demonstrated in cells
expressing D1R-D3R heteromers and co-transfected with the
predominant striatal AC subtype (AC5) [5]. Nevertheless, a
concomitant synergistic interaction between D1R and D3R ag-
onists could be demonstrated with β-arrestin recruitment and at
theMAPK signaling level, which was mediated by a G protein-
independent mechanism. Thus, MAPK activation induced by
the simultaneous application of D1R and D3R agonists was not
counteracted by incubation with pertussis toxin [5]. This inter-
action was indeed shown to be dependent on D1R-D3R
heteromerization, since it was counteracted by synthetic pep-
tides that specifically destabilize the D1R-D3R heteromer [5]. It
was therefore hypothesized that the synergistic locomotor-
activating effect of D1R and D3R agonists in reserpinized mice
is mediated by a G protein-independent synergistic effect deter-
mined by D1R-D3R heteromers localized in the ventromedial
striatum. However, unequivocal demonstration of direct inter-
molecular interactions in situ of the existence of D1R-D3R
heteromers in the brain still remained to be established. The
goal of the present study was to demonstrate that G protein-
independent D1R-D3R-mediated signaling in the ventromedial
striatum mediates the locomotor synergistic effects of D1R and
D3R agonists in reserpinized mice.

Material and Methods

Cell Culture and Transfection

CHO cells and stably transfected HEK-293T cells (D3R and
D1R-D3R clones) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Paisley, Scotland) supple-
mented with 2-mM L-glutamine, 100-U/ml penicillin/strepto-
mycin, 100-μg/ml sodium pyruvate, minimum essential me-
dium nonessential amino acid solution (1/100), and 5% (v/v)
heat-inactivated fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA). For cell clones, the corresponding selection
antibiotic was added in the culture medium (300-μg/ml

hygromicin B). Cells were maintained at 37 °C in an atmo-
sphere of 5% CO2. HEK-239 and CHO cells growing in 6-
well dishes were transiently transfected with the correspond-
ing fusion protein cDNA (indicated in the corresponding fig-
ure legend) by the PEI method, as described in detail else-
where [14]. Sample protein concentration was determined
using a Bradford assay kit (Bio-Rad, Munich, Germany) and
bovine serum albumin dilutions as standards.

HIV TAT Fused-TM Peptides

Peptides, with the amino acid sequence of transmembrane
domains (TMs) of the D1R, were used as heteromer-
destabilizing agents [5, 15–18]. To allow intracellular deliv-
ery, a peptide can be fused to the cell-penetrating HIV trans-
activator of transcription (TAT) peptide (YGRKKRRQRRR)
[19]. HIV TAT fused to a TM peptide can be inserted effec-
tively into the plasma membrane as result of both the penetra-
tion capacity of the TAT peptide and the hydrophobic property
of the TM peptide [16]. To obtain the right orientation of
the inserted peptide respect to the receptor, HIV TAT pep-
tide was fused to the C-terminus of peptides with the
amino acid sequence of TM 5, TM 6, and TM 7 of D1R
(TM5, TM6, and TM7 peptides, respectively). The pep-
tides were synthesized by Genemed Synthesis, Inc. (San
Antonio, TX). Their sequences were as follows: TM5,
TYAISSSLISFYIPVAIMIVTYTSIYYGRKKRRQRRR;
TM6 , YGRKKRRQRRRTLSV IMGVFVCCWL
PFFISNCMVPFCG; TM7, FDVFVWFGWANSSLNP
IIYAFNADFYGRKKRRQRRR.

cAMP Accumulation

Homogeneous time-resolved fluorescence energy transfer
(HTRF) assays were performed using the Lance Ultra cAMP
kit (PerkinElmer, Waltham, MA), based on competitive dis-
placement of a europium chelate-labeled cAMP tracer bound
to a specific antibody conjugated to acceptor beads. The opti-
mal cell density for an appropriate fluorescent signal was first
established bymeasuring the TR-FRETsignal determined as a
function of forskolin concentration using different cell densi-
ties. Forskolin dose-response curves were related to the cAMP
standard curve in order to establish a cell density with a re-
sponse covering most of the dynamic range of the cAMP
standard curve. Cells were not treated or treated with vehicle
or 4 μM of the indicated TM peptides for 4 h at 37 °C in an
atmosphere of 5% CO2. Cells were then grown (800 cells/
well) in white ProxiPlate 384-well microplates (PerkinElmer,
Waltham, MA) in medium containing 50-μM zardaverine,
stimulated with agonists for 10 min before adding 0.5-μM
forskolin or vehicle and incubated for an additional 15-min
period. Fluorescence at 665 nm was analyzed on a
PHERAstar Flagship microplate reader equipped with an
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HTRF optical module (BMG Lab Technologies, Offenburg,
Germany).

Phosphorylation of ERK1/2 and AKT

D1R and D1-D3R HEK293T cell lines were maintained in
culture as described above. Cells were seeded to 12-well
plates (0.25 × 106/well) in full growth medium. The day be-
fore the assay, the medium was changed to DMEM with no
FBS for approximately 16 h before the addition of ligands.
Cells were then incubated or not with the selective D3R an-
tagonist VK4–116 or the non-selective D2-like receptor antag-
onist eticlopride for 10 min and then with the D3R agonist PD
128907 for 15 min. Cells were then rinsed with ice-cold phos-
phate-buffered saline and lysed by the addition of 100 μl of
ice-cold lysis buffer (provided by the commercial kit; Cell
Signaling Technology, Danvers, MA). Determination of
pMAPK levels was performed using an enzyme-linked sand-
wich ELISA kit (Cell Signaling Technology) following the
protocol indicated by the provider. Transfected CHO cells
were cultured in serum-free medium for 16 h before the addi-
tion of any agent and were not treated or treated with the PKA
inhibitor H-89 (10 μM; Tocris, Pittsburgh, PA) for 30 min at
37 °C. Then, cells were not incubated or incubated with the
indicated antagonist for 15 min at 37 °C and activated for
7 min with the indicated agonist. Cells were rinsed with ice-
cold phosphate-buffered saline and lysed by the addition of
500 μl of ice-cold lysis buffer (50-mM Tris-HCl pH 7.4, 50-
mM NaF, 150-mM NaCl, 45-mM β-glycerophosphate, 1%
Triton X-100, 20-μM phenyl-arsine oxide, 0.4-mM NaVO4,
and protease inhibitor cocktail). The cellular debris was re-
moved by centrifugation at 13,000 ×g for 5 min at 4 °C, and
the protein was quantified by the bicinchoninic acid method
using bovine serum albumin dilutions as standard. To deter-
mine the level of phosphorylated proteins, equivalent amounts
of protein (10 μg) were separated by electrophoresis on a
denaturing 7.5% SDS-polyacrylamide gel and transferred on-
to PVDF-FL membranes by Western blot. Odyssey blocking
buffer (LI-COR Biosciences, Lincoln, NE) was then added,
and the membrane was rocked for 90 min. The membranes
were then probed for 2–3 h with a mixture of a mouse anti-
phospho-ERK1/2 antibody (1:2500, Sigma-Aldrich, St.
Louis, MO) and rabbit anti-ERK1/2 antibody that recognizes
both phosphorylated and non-phosphorylated ERK1/2
(1:40000, Sigma-Aldrich) to quantify phospho-ERK1/2 or a
rabbit anti-phospho-Ser473-AKT antibody (1:2500; SAB
Signalway Antibody, College Park, MD) and a mouse anti-
total-AKT antibody (1:2500; Cell Signaling Technology) to
quantify phospho-AKT. Bands were visualized by the addi-
tion of a mixture of IRDye 800 (anti-mouse) antibody
(1:10000, Sigma-Aldrich) and IRDye 680 (anti-rabbit) anti-
body (1:10000, Sigma-Aldrich) for 1 h and scanned by the
Odyssey infrared scanner (LI-COR Biosciences, Lincoln,

NE). Band densities were quantified using the scanner soft-
ware, exported to Excel (Microsoft, Redmond,WA). The level
of phosphorylated proteins was normalized for differences in
loading using the total (phosphorylated plus non-
phosphorylated) protein band intensities.

β-Arrestin Recruitment

β-Arrestin-1 recruitment was determined by Bioluminescence
Resonance Energy Technique (BRET) experiments in CHO
cells 48 h after transfection with the indicated amounts of
cDNA corresponding to D1R, D3R-YFP, and β-arrestin-1-
Rluc. Cells (20-mg total protein from a cell suspension per
well in 96-well microplates) were not treated or treated for
10 min with the indicated antagonists, and 5-μM
coelenterazine H was added before stimulation with the ago-
nist for 7 min. BRET readings were collected using a Mithras
LB 940 (Berthold Technologies, Oak Ridge, TN) that allows
the integration of the signals detected in the short-wavelength
filter at 485 nm (440–500 nm) and the long-wavelength filter
at 530 nm (510–590 nm). The net BRET is defined as [(long-
wavelength emission) / (short-wavelength emission)] − Cf,
where Cf corresponds to [(long-wavelength emission) /
(short-wavelength emission)] for the donor construct
expressed alone in the same experiment. BRET is expressed
as milli-BRET units (net BRET × 1000).

Locomotor Activity in Reserpinized Mice

Male Swiss Webster mice (Charles River Laboratories,
Wilmington, MA), experimentally naïve at the start of the
study and weighing 20–25 g, were used. All animals used in
this study were maintained in accordance with the National
Institutes of Health Guide for the Care and use of Laboratory
Animals, and the animal research conducted to perform our
study was reviewed and approved by the National Institute on
Drug Abuse Intramural Program Animal Care and Use
Committee (protocol # 15-BNRB-73). Reserpine (Tocris)
was dissolved in a drop of glacial acetic acid and made up to
volume with 5.5% glucose and administered subcutaneously.
The dose of reserpine (5 mg/kg) has been previously shown to
produce pronounced striatal dopamine depletion in mice
(more than 95% depletion) [11]. Mice were reserpinized
20 h prior to the start of the locomotor activity recording.
The drugs to be tested were prepared in sterile saline and
administered intraperitoneally. The volume of injection
was 10 ml/kg for all drugs. All drugs were from
Tocris, except VK4–116, (N-(4-(4-(3-chloro-5-ethyl-2-
methoxyphenyl)piperazin-1-yl)-3-hydroxybutyl)-1H-indole-
2-carboxamide oxalate), which was synthesized at NIDA IRP
according to the published procedure (compound 19 in Kumar
et al. [20]. Locomotor activity was recorded immediately after
the animals were introduced in the open field after the
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administration of the agonists. Antagonists were administered
15 min before the agonists. All values registered per 10 min
were transformed (square root; see rationale below, in the
BStatistical Analysis^ section), and the average of the results
obtained from the 10 min-periods recorded for 1 h was used
for calculations.

Surgery, Intracerebral Infusion, and Ex Vivo
Immunohistochemistry in Reserpinized Mice

On day one, equithesin (4.44 g of chloral hydrate, 0.972 g
of Na pentobarbital, 2.124 g of MgSO4, 44.4 ml of pro-
pylene glycol, 12 ml of ethanol, and distilled water up to
100 ml of the final solution; NIDA IRP Pharmacy) was
administered to mice to induce anesthesia (3 ml/kg), and a
thin silica tube (outer diameter, 105 μm) was implanted
unilaterally in the NAc shell (coordinates in millimeters
from bregma, with a 10° angle in the coronal plane: ante-
rior, 1.1; lateral, 0.75; dorso-ventral, − 4.5). After surgery,
mice were allowed to recover for 20 h and on day two
were reserpinized (reserpine, 5 mg/kg, subcutaneously).
Intracerebral infusion experiments of TAT-TM peptides
(TM5 or TM7 of the D1R) or the PKA inhibitor H-89
were performed on the third day on freely moving mice.
TAT-TM peptides were dissolved in 0.1% DMSO in arti-
ficial cerebrospinal fluid to a final concentration of
60 μM. H-89 was dissolved in artificial cerebrospinal flu-
id to a final concentration of 100 μM. Peptides and H-89
were injected with a 1-μl syringe driven by an infusion
pump and connected to the implanted silica tube and in-
tracranially delivered at a rate of 16.6 nl/min for 60 min.
The agonists were systemically (i.p.) administered 40 min
after the beginning of the 60-min period of intracranial
infusion. After 60 min of intracranial infusion (20 min
after the agonists administration), the animals were given
an overdose of equitesin and perfused transcardially with
0.1-M phosphate-buffered saline (PBS) followed by ice-
cold 4% paraformaldehyde in PBS delivered with a peri-
staltic pump at 20 ml/min for 5 min. Brains were extract-
ed and post-fixed overnight in the same fixative and
stored in a 30% sucrose solution for at least 48 h at
4 °C. Coronal sections (40-μm thick) were cut in a cryo-
stat (model CM3050S, Leica) and collected in PBS.
Sections were then first incubated for 15 min with PBS
with 0.2% Triton X-100 and then were incubated with
PBS containing 0.1% Triton X-100 and 3% BSA. After
rinsing the slices three times with PBS, the sections were
incubated overnight with the primary antibody (phospho-
ERK1/2, 1:400; phospho-AKT, 1:300, Cell Signaling
Technology) at 4 °C. On day two, after three rinses in
PBS, sections were incubated for 2 h at room temperature
with the anti-rabbit Cy5-conjugated antibody (1:250, GE
Health Care, Little Chalfont Buckinghamshire, UK).

Finally, after three rinses with PBS, brain slices were
mounted under coverslips using Prolong Diamond
Antifade Mountant (Invitrogen, Carlsbad, CA) for fluores-
cent confocal microscopic examination. Confocal fluores-
cence microscopy images were acquired with a confocal
microscope (Examiner Z1, Zeiss, Gottingen, Germany)
with a laser scanning module (LSM-710, Zeiss). Positive
cells/mm2 was counted within the area of the shell of the
NAc from several coronal sections immediately anterior
to the cannula implantation (from 2.28 to 1.44 mm ante-
rior to bregma).

q-PCR in Reserpinized Mice

Twenty hours after administration of reserpine, mice were
given an overdose of equitesin, the brains removed, and
the striata dissected out and separated in dorsal and ven-
tral striatum (region including NAc shell and core and
olfactory tubercle). Tissues were homogenized by sonica-
tion, and total RNA was extracted using RNeasy® Plus
Mini kit (Qiagen, Hilden Germany). Total RNA was con-
verted to cDNA by RNA to cDNA EcoDry (Takara Bio
USA, Mountain View, CA) using Oligo-dt primer.
Quantitative real-time RT-PCR (q-PCR) was performed
and analyzed using LightCycler instrument 480 II
(Roche, Basel Switzerland). PCR reactions were done in
a total volume of 20 μl in PCR mix containing 10-μl 2×
LightCycler probe master, 500-nM reference gene primer
(GAPDH), 500 nM of each sense and antisense primer,
100 nM of each target gene probe and reference gene
probe, and 5 μl of 100 ng cDNA, adding DEPC-treated
H2O to a total volume of 20 μl. Normalization of sample
cDNA content was performed using the comparative
threshold (ΔΔCT) cycle method, in which the number
of target gene copies was normalized to an endogenous
reference gene, GAPDH. CT was defined as the fractional
cycle number at which the fluorescence generated by
probe cleavage passes a fixed threshold baseline when
amplification of the PCR product is first detected. The
primers and probes were designed using Universal Probe
Library Assay Design Center (Roche). Primer sequences
and probes are as fol lows: D1R-F and D1R-R,
tctggtttacctgatccctca and gcctcctccctcttcaggt; D3R-F and
D3R-R, accctggatgtcatgatgtg and ggcatgaccactgctgtgta;
GADPH-F and GADPH-R, atggtgaaggtcggtgtga and
aatctccactttgccactgc.

Statistical Analysis

One-way ANOVA followed by Newman-Keuls post hoc
comparisons was used for all the in vitro (ERK1/2 and
AKT phosphorylation, cAMP formation and β-arrestin re-
cruitment), ex vivo experiments with AKT phosphorylation,
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and in vivo experiments (locomotion). Dose-response inhi-
bition curves of the counteracting effect of VK4–116 and
eticlopride on PD 128907-mediated inhibition of forskolin-
induced cAMP and on PD 128907-mediated ß-arrestin re-
cruitment were obtained by non-linear regression analysis
with least squares fit to determine IC50 (concentration of
an inhibitor where the response is reduced by half) and
Emax (maximal inhibitory effect) values. A paired t test
was applied for statistical comparisons of the values of
ERK1/2 phosphorylation from the NAc ipsilateral to the
cannula implantation versus the contralateral NAc to control
the substantial interindividual variability of ERK1/2 phos-
phorylation induced by the dopamine receptor agonists (see
BResults^). No statistical method was used to predetermine
sample sizes, which were based on previous studies [5, 6,
21]. The square root transformation of the locomotion data
was applied to reduce the asymmetric statistical distribution
of the recorded raw data (skewness to the right) and de-
crease significant differences in the variances between dif-
ferently treated groups [22]. Prism 7 (GraphPad Software,
San Diego CA) was used to carry out all statistical analyses,
non-linear regression analysis, and graphics.

Results

D3R Activation in the D1R-D3R Heteromer Switches
D1R-Mediated MAPK Activation from a G Protein
Dependent to a G Protein Independent Mechanism
in Transfected Cells

We previously reported evidence indicating that in mammali-
an transfected cells, activation of D3R produces MAPK acti-
vation by a G protein-independent mechanism, since it could
not be blocked by pertussis toxin [5]. On the other hand,
previous studies had shown evidence for a predominant Gs/
olf-dependent mechanism of striatal D1R-mediated MAPK
activation [23]. In agreement, in CHO cells transiently
transfected with D1R or with D1R and D3R, the protein ki-
nase A (PKA) inhibitor H-89 completely blocked ERK1/2
phosphorylation induced by the D1R agonist SKF 38393
(Fig. 1a, b), but not by the D3R agonist PD 128907 [6]
(Fig. 1c, d). As previously reported [5], co-administration of
the D1R and D3R agonists produced a synergistic effect on
ERK1/2 phosphorylation, but this was not modified by H-89
(Fig. 1c, d). The results indicate that irrespective of the

Fig. 1 Effect of the PKA inhibitor
H-89 on agonist-induced ERK1/2
phosphorylation in D1R and
D1R-D3R cells. ERK1/2
phosphorylation in CHO cells
transfected with D1R-Rluc cDNA
(1-μg cDNA) alone (a) or D1R-
Rluc (1-μg cDNA) andD3R-YFP
(1.3-μg cDNA) (b–d). In 48 h
post-transfection, D1R or D1R-
D3R cells were pre-treated or not
with the PKA inhibitor H-89
(10 μM for 30 min) and were
treated for 7 min with the D1R
agonist SKF 38393 (1 μM) (a–d),
the D3R agonist PD 128907
(1 μM) (c–d) or both (c–d).
Quantification of phosphorylated
ERK1/2 was determined by
Western blot. Representative blots
are shown. Values are mean ±
S.E.M. (n = 4with duplicates) and
are expressed as percentage of
basal or non-treated cells; *, **,
and ***: p < 0.05, p < 0.01, and
p < 0.001 versus basal; #, ##, and
###: p < 0.05, p < 0.01, and
p < 0.001 versus SKF 38393
(one-way ANOVA followed by
Newman-Keuls post hoc
comparisons)
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presence of D3R, D1R activation induces a predominant G
protein-dependent MAPK activation, while co-activation of
D3R in the D1R-D3R heteromer determines a predominant
G protein-independent MAPK activation. The D3R-
dependent switch of D1R signaling from a G protein-
dependent to a G protein-independent mechanism would in-
volve the silencing of the D1R-mediated G protein-dependent
signaling by means of the canonical Gs-Gi antagonistic inter-
action at AC. Hence, we could reproduce the canonical inter-
action with cAMP experiments and demonstrate that it de-
pends on D1R-D3R heteromerization. In D1R-D3R transient-
ly transfected CHO cells, both forskolin and SKF 38393 pro-
duced cAMP accumulation, which was counteracted by the
D3R agonist 7-OH-PIPAT (Fig. 2a). Then, the ability of the
D3R agonist to counteract cAMP formation induced by SKF
38393, but not by forskolin, was selectively blocked by the
application of D1R-D3R heteromer-interfering peptides (with
the amino acid sequence of TM 5 or TM 6 of the D1R, TM5,
and TM6 peptides; but not with the control peptide TM7 of
D1R) (Fig. 2b–d) [5]. These results imply that in the D1R-
D3R heteromer, D3R co-activation blunts D1R-mediated G
protein-dependent signaling. But, they would also imply that
the synergistic effect of D1R and D3R agonists on MAPK

activation depends on a D3R-mediated G protein-
independent signaling and a D3R-mediated G protein-
independent D1R biased signaling. In fact, in vivo, this should
be the only mechanism of operation by the endogenous neu-
rotransmitter, dopamine, since it has significantly higher af-
finity for D3R than for D1R [24].

Using our previously characterized D3R and D1R-D3R
HEK-293T cell lines [5], we evaluated the effect of different
antagonists on their ability to counteract the ability of the D3R
agonist PD 128907 (1 μM) to induced MAPK activation.
Unexpectedly, in both cell lines, the recently reported selective
D3R antagonist VK4–116 [20] was much less potent than the
non-selective D2-like receptor antagonist eticlopride, only be-
ing able to significantly reduce the effect of the D3R agonist at
submicromolar concentrations (Fig. 3a–d), while their respec-
tive in vitro affinities for D3R were in the nanomolar-
subnanomolar range [25]. Anticipating a functional selectivity
of VK4–116, we also compared the ability of both antagonists
to counteract the effect of PD 128907 on forskolin-induced
cAMP accumulation and on β-arrestin recruitment in CHO
cells transiently transfected with D1R and D3R. Figure 4
shows dose-response inhibition curves of the counteracting
effect of VK4–116 and eticlopride on PD 128907-mediated

Fig. 2 Effect of D1R TAT-TM
peptides on adenylyl cyclase sig-
naling in D1R-D3R cells. In a–
d, CHO cells were transfected
with the cDNA corresponding to
D1R-Rluc (1-μg cDNA) and
D3R-YFP (1.5-μg cDNA). In
48 h post-transfection, D1R-D3R
cells were pre-treated for 4 h with
vehicle (a) or with 4 μM of D1R
TM5 (b), D1R TM6 (c), or TM7
(d) peptides. Cells were treated
for 7 min with medium, the D1R
agonist SKF 38393 (1 μM), the
D3R agonist 7-OH-PIPAT
(1 μM), or both in the absence or
in the presence of 0.5-μM
forskolin (FK) for 15 min. Values
of cAMP accumulation are shown
as mean ± S.E.M. (n = 4 with
duplicates) and expressed as
percentage of FK-treated cells in
each condition (100% represents
80–100-pmols cAMP/106 cells);
*** p < 0.001 versus basal; ###

p < 0.001 versus FK; &&&

p < 0.001 versus SKF 38393,
respectively (one-way ANOVA
followed by Newman-Keuls post
hoc comparisons)
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inhibition of forskolin-induced cAMP and on PD 128907-
mediated ß-arrestin recruitment. A non-linear regression anal-
ysis with least squares fit showed similar IC50 and Emax
values for VK4–116 and eticlopride on PD 128907-
mediated inhibition of forskolin-induced cAMP (0.19 and
0.41 nM and 74.2 and 81.5%, respectively). On β-arrestin
recruitment, on the other hand, VK4–116 was about 10 times
less potent than eticlopride (IC50 values: 0.3 and 0.04 nM,
respectively) and showed a partial antagonistic effect, as com-
pared with the full antagonism of eticlopride (Emax values:
46.3 and 95.1%, respectively). Therefore, VK4–116 repre-
sents a biased antagonist with significantly higher potency
and efficacy at blocking G protein-dependent than indepen-
dent D3R signaling, providing a pharmacological tool to dis-
sect G protein-dependent and independent D3R signaling
in vivo.

D3R Activation in the D1R-D3R Heteromer Switches
D1R-Mediated MAPK Activation from a G Protein
Dependent to a G Protein Independent Mechanism
in the NAc Shell of Reserpinized Mice

With these pharmacological findings in cells, we could ad-
dress our goal of demonstrating pharmacologically significant
D1R-D3R heteromers in the mouse ventromedial striatum and
its involvement in the D1R-D3R synergy at the behavioral
level. It is very well established that locomotor activity

induced by dopamine receptor agonists in reserpinized mice
represents activation of striatal post-synaptic receptors, with-
out the confounding effect of endogenous dopamine.
Therefore, by using different dopamine receptor agonists, this
classical model allows to dissect the role of the different
striatal post-synaptic dopamine receptor subtypes on the mod-
ulation of locomotor activity [10, 11]. We first determined
selective doses of D1R and D3R ligands in the reserpinized
mice (20 h after reserpinization). In a recently reported study
using the same model, we showed that the D1R full agonist
SKF 81297 produces a dose-dependent increase in locomotor
activation, with an ED50 of about 5 mg/kg [21]. The effect of
SKF 81297 was counteracted with the D1R antagonist SCH
23390 (0.5mg/kg) but not by eticlopride, at a dose (0.5mg/kg)
that did not counteract locomotor activation induced by the
D2R-D3R-D4R agonist quinpirole [21]. Here, we reproduced
the same results of SKF 81297 alone (5 mg/kg), its counter-
action with SCH 23390 (0.5 mg/kg), lack of counteraction
with eticlopride (0.3 mg/kg), and lack of counteraction with
VK4–116 (up to 100 mg/kg) (Fig. 5a). As previously reported
[6], at the dose of 1 mg/kg, PD 128907 did not produce loco-
motor activation but significantly increased the locomotor ac-
tivation of a D1R agonist, SKF 81297 (5 mg/kg) (Fig. 5b).
The dependence on D3R activation of PD 128907 (1 mg/kg)
was also previously demonstrated in D3R KO mice [6].
Therefore, in the reserpinized mice model, locomotor activity
induced by SKF 81297 (5 mg/kg) represents selective

Fig. 3 Differential effect of the
D3R antagonists VK4–116 and
eticlopride on agonist-induced
ERK1/2 phosphorylation in D3R
and D1R-D3R cells. HEK-293T
cell lines stably trasfected with
D3R (a, c) and D1R and D3R (b,
d), previously described and
characterized [5], were treated
with for 10 min with vehicle or
with the D3R antagonist VK4–
116 (a, b) (0–3 μM) or the D2-like
receptor antagonist eticlopride (c,
d) (0–30 nM) before treatment for
7 min with medium or the D3R
agonist PD 128907 (1 μM) for
15 min. Quantification of
phosphorylated ERK1/2 was
determined by ELISA. Values are
mean ± S.E.M. (n = 7–9 with
duplicates) and are expressed as
% of basal; *, **, and ***
p < 0.05, p < 0.01, and p < 0.001
versus 0 nM of VK4–116 (one-
way ANOVA followed Newman-
Keuls post hoc comparisons)
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activation of post-synaptic D1R, while the synergistic loco-
motor activity induced by PD 128907 (1 mg/kg) plus SKF
81297 (5 mg/kg) could represent the simultaneous activation
of post-synaptic D1R and D3R in the D1R-D3R heteromer.
Assuming that functional D1R-D3R heteromers mediate the
apparent synergistic locomotor activating effect of PD 128907
plus SKF 81297 and assuming that this synergistic effect de-
pends on the G protein-independent signaling induced by co-
activation of D1R and D3R in the D1R-D3R heteromer,
eticlopride should be significantly more potent than VK4–
116 at antagonizing the potentiating effect of PD 128907 on

SKF 81297-mediated locomotor activation. In fact, the mini-
mal doses of eticlopride and VK4–116 that were significantly
effective were 0.3 and 100 mg/kg, respectively (Fig. 4b). This
differential effect could be explained by the biased D3R an-
tagonism of VK4–116 and agrees with a G protein-
independent mechanism mediating the locomotion induced
by D1R plus D3R activation in the D1R-D3R heteromer.
These results, therefore, strongly support the existence of
pharmacologically significant D1R-D3R heteromers in the
striatum, which mediate the locomotor activating-effects in-
duced by the simultaneous administration of D1R and D3R
agonists in reserpinized mice.

We then looked for the two independent mechanisms of
D1R-mediated MAPK activation demonstrated in transfected
mammalian cells in the striatum of reserpinized mice. First,

Fig. 4 Differential effect of the D3R antagonists VK4–116 and
eticlopride on agonist-induced G protein-dependent signaling and β-
arrestin-recruitment in D1R-D3R cells. Dose-response inhibition curves
of the counteracting effect of VK4–116 and eticlopride on PD 128907
(PD)-mediated inhibition of forskolin-induced cAMP (a) and on PD
128907-mediated β-arrestin recruitment (b). For IC50 and Emax
values, see BResults.^ In a, CHO cells were transfected with the cDNA
corresponding to D1R-Rluc (1-μg cDNA) and D3R-YFP (1.5-μg
cDNA). In 48 h post-transfection, D1R-D3R cells were treated for
10 min with vehicle or with the D3R antagonist VK4–116 or the D2-
like receptor antagonist eticlopride (0.03–300 nM) before treatment for
7 min with medium or the D3R agonist PD 128907 (1 μM) in the
presence of 0.5-μM forskolin (FK) for 15 min. In b, CHO cells were
transfected with the cDNA corresponding to D3R-YFP (1-μg cDNA),
β-arrestin-1-Rluc (0.5-μg cDNA), and D1R (1.5-μg cDNA). In 48 h
post-transfection, cells were treated for 10 min with vehicle or VK4–
116 or eticlopride (0.03–300 nM) before treatment with PD (1 μM) for
7 min, and β-arrestin-1 recruitment was measured by BRET (see
BMaterial and Methods^). Values are mean ± S.E.M.; in a, n = 4 with
duplicates; in b, n = 7 with duplicates; ** and *** p < 0.001 and
p < 0.0001 versus in the absence of dopamine receptor antagonist (one-
way ANOVA followed Newman-Keuls post hoc comparisons)

Fig. 5 Differential effect of the D3R antagonists VK4–116 and
eticlopride on D1R-D3R agonist-induced locomotor activity in
reserpinized mice. a, b Mice were administered reserpine (5 mg/kg,
s.c.) 20 h before administration of the D1R agonist SKF 81297 (SKF;
5 mg/kg, i.p.), the D3R agonist PD 128907 (PD; 1 mg/kg, i.p.), or both,
with or without previous administration (15 min before) of the D1R
antagonist SCH 23390 (SCH; 0.5 mg/kg, i.p.), the D2-like receptor
antagonist eticlopride (Etic; 0.1, 0.3, and 0.5 mg/kg, i.p.), or the D3R
antagonist VK4–116 (VK; 30 and 100 mg/kg, i.p.). Values are mean ±
S.E.M. (n = 6–10) and are expressed as the average of the transformed
counts (squared root) obtained from the 10 min-periods recorded for 1 h.
** p < 0.01 versus SKF (one-way ANOVA followed by Newman-Keuls
post hoc comparisons)

Mol Neurobiol (2019) 56:6756–6769 6763



we studied the ex vivo immunohistochemical analysis of
striatal MAPK activation (ERK1/2 phosphorylation) in
reserpinized mice after systemic administration of D1R and
D3R agonists. As compared with vehicle-treated animals,
ERK1/2 phosphorylation was not significantly modified by
the administration of PD 128907 (1 mg/kg), but it was signif-
icantly increased upon SKF 81297 administration alone or in
combination with PD 128907 (Fig. 6). Remarkably, in both
cases, striatal MAPK activation was restricted to the most
ventromedial part of the NAc, the shell of the NAc (Fig. 6),
where D3R has been previously described to be preferentially
expressed [1, 2]. Although there was a trend for a greater
effect with combined treatment, different to the effects on
locomotor activity, there were no significant differences be-
tween SKF 81297 alone or with PD 128907 and both groups
showed a high inter-individual variability (see Fig. 7). These
results would suggest that, in vivo, D3R activation does not
produce MAPK activation on its own but promotes a switch
from G protein-dependent to G protein-independent signaling

of the D1R in the D1R-D3R heteromer. In fact, a significantly
different biochemical profile of D1R agonist- versus D1R plus
D3R agonist-dependent MAPK activation could be demon-
strated using an intra-individual design, when comparing pos-
itive cells from both sides of the same brain slice from mice
that received a unilateral infusion of a D1R-D3R heteromer-
interfering peptide or the PKA inhibitor H-89 in the shell of
the NAc. Although it might be argued that the experimental
manipulation of the NAc contralateral and ipsilateral to the
implanted infusion cannula is not even, the results obtained
from the relative comparison of the effect of different treat-
ments allowed establishing the validity of the values from
the contralateral NAc as controls. This argument depends
also on the previous demonstration of the specificity of the
peptide approach in transfected cells, with TM5 of the D1R,
bu t no t TM7, spec i f ica l ly d is rup t ing D1R-D3R
heteromerization and the synergistic effect of D1R and
D3R agonists on MAPK signaling [5]. On the other hand,
it was also found that neither peptide modified MAPK acti-
vation induced by the sole administration of a D1R agonist.
If the MAPK activation induced by the D1R agonist or by
co-administration of D1R and D3R agonists in the NAc
ipsilateral and contralateral to the implanted probe were
experimentally comparable, we should only expect a signif-
icant difference (a decrease) in the effect of D1R plus D3R
agonist in the ipsilateral striatum infused with TM5. In ad-
dition, no effect should be observed with TM7 and neither
TM5 nor TM7 should modify theMAPK activation induced
by the D1R agonist alone or with co-administration of the
D3R agonist in the ipsilateral versus the contralateral NAc.
These were in fact the results obtained, validating the values
of the non-implanted contralateral NAc as control: Infusion
of TM5 of D1R, but not the negative control TM7, signifi-
cantly reduced ERK1/2 phosphorylation induced by co-
administration of SKF 81297 and PD 128907, but it did
not modify ERK1/2 phosphorylation induced by adminis-
tration of SKF 81297 alone (Fig. 7a–d). On the other hand,
infusion of H-89 significantly reduced ERK1/2 phosphory-
lation induced by administration of SKF 81297 alone, but it
did not modify ERK1/2 phosphorylation induced by co-
administration of SKF 81297 and PD 128907 (Fig. 7e–f).
A paired t test was applied for statistical comparisons,
which also allowed to control the substantial interindividual
variability of ERK1/2 phosphorylation induced by the do-
pamine receptor agonists. Plots showing all the data and
lines connecting the corresponding ipsilateral and contralat-
eral values per animal are shown to disclose this variability
(Fig. 7e–f).

Expression of D1R and D3R by q-PCR in the ventral
striatum (which included both NAc core and shell) of
reserpinized mice versus controls was also analyzed in
order to evaluate the possibility of an upregulation of
D1R-D3R heteromers upon reserpine-induced dopamine

Fig. 6 ERK1/2 phosphorylation in the NAc of reserpinized mice induced
by D1R and D3R agonists. Mice were administered reserpine (5 mg/kg,
s.c.) 20 h before administration of the D1R agonist SKF 81297 (SKF;
5 mg/kg, i.p.), the D3R agonist PD 128907 (PD; 1 mg/kg, i.p.), or both.
Twenty minutes after, mice were given an overdose of anesthetic and
transcardially perfused (see BMaterial and Methods^) to process the
brains for the immunohistochemical analysis of ERK1/2
phosphorylation. Positive cells were counted within the area of the shell
of the NAc of both sides from several coronal sections (from 2.28 to
1.44 mm anterior to bregma). Values are mean ± S.E.M. (n = 6–9) and
are expressed as percentage of number of cells/mm2 of the basal group
(treated with saline); * p < 0.05 versus basal (one-way ANOVA followed
Newman-Keuls post hoc comparisons)
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depletion. The ratio of the expression of target/GADPH
transcripts for D1R in reserpinized mice and controls (in
mean ± S.E.M.) were 0.26 ± 0.02 and 0.30 ± 0.02, respec-
tively; and for D3R, they were 0.009 ± 0.002 and 0.007 ±
0.002, respectively (non-paired Student’ t test: p > 0.05 in
both cases). Thus, D3R expression was about 30 times
lower than D1R expression in the NAc, which was ex-
pected since the ventral striatal sample also included the
core of the NAc, which expresses very low density of

D3R [1, 2]. D3R expression was almost undetectable in
the dorsal striatum of either reserpinized mice or controls,
again, without showing significant differences: target/
GADPH transcripts values (in mean ± S.E.M.) were
0.00002 ± 0.00001 and 0.00003 ± 0.00001, respectively
(non-paired Student’ t test: p > 0.05). In summary, the re-
sults of q-PCR experiments showed no evidence for
reserpine-induced up-regulation of D3R in either the ven-
tral or the dorsal striatum.

Fig. 7 Effect of the PKA inhibitor H-89 and D1R TAT-TM peptides on
D1R-D3R agonist-induced striatal ERK1/2 phosphorylation in
reserpinized mice. Mice were administered reserpine (5 mg/kg, s.c.)
20 h before administration of the D1R agonist SKF 81297 (SKF; 5mg/kg,
i.p.), alone (a, c, e), or co-administered with the D3R agonist PD
128907 (PD; 1 mg/kg, i.p.) (b, d, f). The agonists were administered
40 min after starting the intracerebral infusion of TAT-TM peptides (a–d)
or the PKA inhibitor H-89 (e, f). After 60 min of intracranial infusion
(20 min after the agonists administration), mice were given an overdose
of anesthetic and transcardially perfused (see BMaterial and Methods^) to

process the brains for the immunohistochemical analysis of ERK1/2
phosphorylation. Positive cells were counted within the area of the shell
of the NAc of both sides from several coronal sections immediate anterior
to the cannula implantation (from 2.28 to 1.44 mm anterior to bregma)
and, for each animal, values from the side ipsilateral to the intracerebral
infusion was compared to the contralateral side. Values (n = 6–9) are
expressed as number of cells/mm2. p values represent the results of
paired t test used to determine significant differences between the NAc
ipsilateral to the intracranial infusion versus the contralateral side
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Synergistic Effect of D1R and D3R Co-activation
on AKT Phosphorylation in D1R-D3R Transfected Cells
and in Reserpinized Mice

The lack of synergistic effect on MAPK activation upon
co-activation of D1R and D3R in the NAc implies that
striatal MAPK activation cannot be a main determinant of
the synergistic locomotor activation induced by D1R and
D3R agonists. Nevertheless, MAPK activation is one of
the various G protein-independent, β-arrestin-dependent,
downstream signaling pathways of D2-like receptors with
behavioral significance, which also includes the Akt/
GSK3 signaling pathway [26, 27]. Therefore, we aimed
first at evaluating the possible existence of a synergistic
effect of D1R and D3R agonists on AKT phosphorylation
in reserpinized mice. Using the same doses from prior
experiments, neither PD 128907 nor SKF 81297 produced
a significant AKT phosphorylation in the NAc as com-
pared to vehicle-treated mice (Fig. 8). Nevertheless, co-
administration of the D1R and D3R agonists led to a
significant and selective increase within the same ventral
striatal area that showed MAPK activation upon adminis-
tration of SKF 81297 alone or with PD 128907 (Fig. 8).
AKT phosphorylation was then analyzed in CHO cells
transfected with both D1R and D3R. As expected, PD
128907, but not SKF 81297, produced a significant in-
crease in AKT phosphorylation, in agreement with their
respective ability to promote G protein-independent and G
protein-dependent signaling in D1R-D3R transfected cells
(Fig. 9). Also, as expected, simultaneous administration of
both compounds produced a significant synergistic effect
(Fig. 9).

Discussion

The present study demonstrates the presence of pharmacolog-
ically significant D1R-D3R heteromers in the mouse ventro-
medial striatum, the shell of the NAc, with very similar

Fig. 8 Synergistic effect of D1R and D3R agonists on AKT
phosphorylation in the NAc. Mice were administered reserpine
(5 mg/kg, s.c.) 20 h before administration of the D1R agonist SKF
81297 (5 mg/kg, i.p.), the D3R agonist PD 128907 (1 mg/kg, i.p.), or
both. Twenty minutes after, mice were given an overdose of anesthetic
and transcardially perfused (see BMaterial and Methods^) to process the
brains for the immunohistochemical analysis of AKT phosphorylation.
Positives cells were counted within the area of the shell of the NAc of
both sides from several coronal sections (around 1.10 mm anterior to

bregma). In a, scheme a of a coronal mouse brain section indicating the
localization (black rectangle) of the mages shown in b, which are
representative images of the four experimental conditions, saline, SKF
81297, PD 128907, and SKF 81297 + PD 128907 (SKF + PD); scale bar:
0.1 mm. In c, values are mean ± S.E.M. (n = 6–9) and are expressed as
number of cells/mm2; *** p < 0.001 versus saline (one-way ANOVA
followed Newman-Keuls post hoc comparisons). CPu, cNAc, and
sNAc: caudate-putamen, core and shell of the NAc, respectively

Fig. 9 Synergistic effect of D1R and D3R agonists on AKT
phosphorylation in D1R-D3R cells. AKT phosphorylation in CHO cells
transfected with D1R-Rluc (1 μg cDNA) and D3R-YFP (1.3 μg cDNA).
48 h post-transfection, cells were treated for 7 min with the D1R agonist
SKF 38393 (1 μM), the D3R agonist PD 128907 (1 μM) or both.
Quantification of phosphorylated AKTwas determined by Western blot.
Representative blots are shown. Values are mean ± S.E.M. (n = 4 with
duplicates) and are expressed as percentage of basal, non-treated cells;
* and *** p < 0.05 and p < 0.001 versus basal, respectively (one-way
ANOVA followed by Newman-Keuls post hoc comparisons)
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biochemical characteristics than the D1R-D3R analyzed in
mammalian transfected cells. D1R and D3R are respectively
coupled to Gs and Gi in transfected cells, where synthetic TM
peptides that destabilize the D1R-D3R heteromeric interface
block the D3R-mediated counteraction of cAMP formation
induced by D1R activation. This implies that D1R-D3R
heteromers can be included in the recently proposed class of
Gs-Gi-coupled heterotetramers [28], which provide the frame-
work for the simultaneous intermolecular interactions that al-
low the canonical Gs-Gi antagonistic interaction at the AC
level [17, 18]. The results of the present study further indicate
that, in the D1R-D3R heteromer, D1R activates MAPK solely
through the Gs-AC-PKA-dependent signaling, while D3R co-
activation leads to a shift in D1R signaling, from a G protein-
dependent mechanism (which is blocked by the canonical
interaction at the AC level) to a G protein-independent mech-
anism, which includes MAPK and AKT activation (Fig. 10).
In situ application of TM peptides and a PKA inhibitor con-
firmed the existence of the two D1R-D3R heteromer-depen-
dent mechanisms of D1R-mediated activation of MAPK in
the NAc of reserpinized mice.

Numerous examples of G protein-dependent signaling and
G protein-independent (often, ß-arrestin-dependent) signaling
by the same receptor have been reported. At the same time,

Bbiased signaling^ or Bfunctional selectivity,^ the ability of a
ligand to selectively activate (biased agonist) or block (biased
antagonist) G protein-dependent or independent signaling, has
become a main quest in GPCR pharmacology [29–32].
Previous studies have already indicated that receptor
heteromerization can promote functional selectivity, such as
the ability of μ-opioid receptor activation to induce ß-arrestin-
dependent MAPK activation upon heteromerization with the
σ-opioid receptor [33]. Another example is the recent demon-
stration of D2R-mediated ß-arrestin2 recruitment upon
heteromerization with the adenosine A2A receptor [34]. The
present study extends these findings with, to our knowledge,
the first example where a biased signaling (D1R-mediated, G
protein-independent MAPK activation) is determined by co-
activation of a partner receptor (D3R) in a GPCR heteromer
(D1R-D3R heteromer).

Since D1R expression is homogeneously distributed in all
striatal areas, it was first surprising to observe that isolated
systemic administration of a D1R agonist selectively induces
MAPK activation in the shell of the NAc. Nevertheless, the
same discrete MAPK activation in the ventromedial striatum
had been previously observed by Gerfen and coworkers upon
systemic administration of D1R agonists and upon endoge-
nous dopamine release (by electrical activation of mesence-
phalic striatal dopaminergic afferents) [35]. Significantly, they
also demonstrated that the pattern of D1R agonist-mediated
MAPK extended to the whole s t r ia tum upon 6-
hydroxydopamine-induced striatal dopamine denervation
[35]. The authors concluded that D1R supersensitivity in-
duced by prolonged dopamine denervation is related to a
switch in MAPK signaling, with an extension of D1R
agonist-induced MAPK activation from the ventral to the dor-
sal striatum [35]. Based on the present results, a very plausible
mechanistic explanation for these findings is that D1R super-
sensitivity is dependent on an upregulation of D3R and an
increase in D1R-D3R heteromer expression in dorsal striatal
areas. In fact, an elegant electrophysiological study by Prieto
and coworkers demonstrated that prolonged striatal dopamine
depletion is associated with a selective supersensitivity of
D3R, without changes in the other D2-like receptors D2R
and D4R, which would occur not only in the D1R-
expressing striatonigral but also in the D2R-expressing
striatopallidal neurons [36].

It is well established that D3R upregulation within the dor-
sal striatum develops when dopamine depletion is associated
with administration of non-selective dopamine receptor ago-
nists, including L-DOPA treatment or selective D1R agonists
[7, 37, 38], which should be associated with an increased
expression of D1R-D3R heteromers [7, 8]. D3R upregulation
and the concomitant D1R supersensitivity are currently
viewed as a main pathogenetic mechanism of L-DOPA-
induced dyskinesia [7–9, 37, 38]. Although the reserpinized
mouse model used in the present study does not imply a

Fig. 10 Scheme of the switch of G protein-dependent to G protein-
independent signaling of D1R upon co-activation of D3R within the
D1R-D3R heterotetramer. Both in mammalian transfected cells and in
the shell of the NAc, selective activation of the D1R leads to a Gs/olf-
dependent activation of MAPK activation secondary to adenylyl cyclase
(AC) and PKA activation (blue arrows). In transfected cells, but not in the
NAc, activation of the D3R leads to a G protein-independent and
probably ß-arrestin-dependent activation of MAPK and phosphorylation
of AKT (solid and broken red arrows). Both, in the NAc and in
transfected cells, coactivation of D1R and D3R in the D1R-D3R
heterotetramer leads to a Gi/o-Gs/olf canonical interaction with AC
inhibition and to a significant G protein-independent (and probably ß-
arrestin-dependent) MAPK and AKT activation (purple arrows). G
protein-independent signaling by the D1R-D3R heteromer correlates
with the synergistic locomotor activation of D1R and D3R agonists in
reserpinized mice
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prolonged dopamine depletion (20 h) and is not associated
with upregulation of D3R (qPCR experiments), the synergis-
tic locomotor activity induced by D1R and D3R agonists in
reserpinized mice can provide a valuable proxy model to
study the mechanisms of L-DOPA-induced dyskinesia and
to evaluate new therapeutic agents. First, we were able to
establish that D1R-D3R co-activation in the D1R-D3R
heteromer mediates the synergistic locomotor activity of
D1R and D3R agonists in reserpinized mice. Second, we
established that the biochemical mechanism involves a switch
of D1R signaling, from G protein-dependent to G protein-
independent signaling. Importantly, the biochemical finding
that correlated with the behavioral D1R-D3R-mediated syner-
gistic effect was striatal AKT phosphorylation, which is a G
protein-independent and often β-arrestin-dependent signal-
ing, previously shown to be selectively increased in L-
DOPA-treated rats with prolonged striatal dopamine depletion
and in MPTP-lesioned monkeys that develop L-DOPA-
induced dyskinesia [39, 40].

Our results predict that a functionally selective D3R antag-
onist, with predominant blockade of ß-arrestin-dependent sig-
naling, can be an efficacious treatment for L-DOPA-induced
dyskinesia. In the present study, a selective D3R antagonist,
VK4–116, showed the opposite profile, a biased antagonism
for G protein-dependent versus G protein-independent signal-
ing, which correlated with the need for high doses to counter-
act the synergistic locomotor-activating effect of D1R and
D3R agonists in reserpinized mice. However, to our knowl-
edge, no D3R-selective β-arrestin biased antagonist exists to
further test our hypothesis. Selective D3R antagonists with
higher potency for G protein-independent signaling could also
be useful in other neuropsychiatric disorders where there is
also evidence for D3R upregulation. For example, striatal
D3R upregulation has also been found in human cocaine fa-
talities [41]. Thus, our study indicates that D1R-D3R
heteromers should be considered as pharmacological targets
for the treatment of L-DOPA-induced dyskinesia and for sub-
stance use disorders.
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