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Abstract

A main rationale for the role of G protein-coupled receptor (GPCR) heteromers as targets for 

drug development is the putative ability of selective ligands for specific GPCRs to change 

their pharmacological properties upon GPCR heteromerization. The present study provides a 

proof of concept for this rationale by demonstrating that heteromerization of dopamine D1 and 

D3 receptors (D1R and D3R) influences the pharmacological properties of three structurally 

similar selective dopamine D3R ligands, the phenylpiperazine derivatives PG01042, PG01037 and 

VK4-116. By using D1R-D3R heteromer-disrupting peptides, it could be demonstrated that the 

three D3R ligands display different D1R-D3R heteromer-dependent pharmacological properties: 

PG01042, acting as G protein-biased agonist, counteracted D1R-mediated signaling in the D1R-

D3R heteromer; PG01037, acting as a D3R antagonist cross-antagonized D1R-mediated signaling 

in the D1R-D3R heteromer; and VK4-116 specifically acted as a ß-arrestin-biased agonist in the 

D1R-D3R heteromer. Molecular dynamics simulations predicted potential molecular mechanisms 

mediating these qualitatively different pharmacological properties of the selective D3R ligands that 

are dependent on D1R-D3R heteromerization. The results of in vitro experiments were paralleled 

by qualitatively different pharmacological properties of the D3R ligands in vivo. The results 

supported the involvement of D1R-D3R heteromers in the locomotor activation by D1R agonists in 

reserpinized mice and L-DOPA-induced dyskinesia in rats, highlighting the D1R-D3R heteromer 

as a main pharmacological target for L-DOPA-induced dyskinesia in Parkinson’s disease. More 

generally, the present study implies that when suspecting its pathogenetic role, a GPCR heteromer, 

and not its individual GPCR units, should be considered as main target for drug development.

Graphical Abstract

Keywords

G protein-coupled receptor (GPCR) heteromers; dopamine D1 receptor; dopamine D3 receptor; 
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1. Introduction

Dopamine receptors are classically defined as D1-like receptors, which includes D1 and D5 

receptors (D1R and D5R), and D2-like receptors, which includes D2, D3 and D4 receptors 

(D2R, D3R and D4R) [1]. Classically, the psychomotor activity induced by stimulation of the 

dopaminergic system has been considered secondary to co-activation of segregated D1R and 
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D2R, respectively expressed by the GABAergic striato-nigral and striato-pallidal neurons 

[2,3]. The discovery of D3R and their predominant localization in striato-nigral neurons 

of the ventral striatum [4], and the demonstration of functional and molecular interactions 

between striatal D1R and D3R disclosed a more direct cooperation between D1-like and 

D2-like receptors, the D1R-D3R heteromer [5–8]. The D1R-D3R heteromer seems to be 

constituted by D1R and D3R homomers coupled to Gs and Gi proteins, respectively [7,8]. 

D3R activation in the D1R-D3R heteromer biases signaling away from D1R-Gs-mediated 

activation of adenylyl cyclase (AC) from a preferential G protein-dependent AC-mediated 

signaling toward a G protein-independent signaling [7,8]. This switch is associated with a 

synergistic effect of D1R and D3R agonists on ß-arrestin-dependent signaling [7], which 

translates into a synergistic locomotor activation [7,8].

Upregulation of otherwise sparsely expressed D3R in the dorsal striatum seems to be a main 

neurochemical mechanism associated with a side effect of chronic dopamine replacement 

therapy for Parkinson’s disease known as L-DOPA-induced dyskinesia (LID) [9–14]. It was 

then suggested that this implies an increase in D1R-D3R heteromers with the concomitant 

synergistic effect secondary to D1R and D3R co-activation [15]. This hypothesis was 

strongly supported by results of experiments with a rat model of LID, which consists of 

analysis of abnormal involuntary movements in the rat with unilateral dopamine denervation 

and chronic L-DOPA treatment [16]. Hence, LID-like behavior in rats could be elicited by 

a D1R agonist and by a preferential D3R agonist; co-administration of threshold doses of 

both agonists induced a synergistic effect [17]. Furthermore, the development of LID-like 

behavior could be significantly attenuated by the specific genetic suppression of D3R in the 

D1R-expressing cells of the dorsal striatum while L-DOPA efficacy was preserved [13].

These studies highlight D1R-D3R heteromers in the dorsal striatum as promising 

pharmacological targets for LID. In fact, we previously demonstrated the efficacy of 

two similar phenylpiperazine derivatives and very selective D3R ligands, PG01037 and 

PG01042, in reducing LID-like behavior in rats [18–19]. However, the two compounds 

demonstrated a very different pharmacological profile in cells transfected with D3R. While 

PG01037 behaved as an antagonist of D3R agonist-induced AC inhibition and mitogenesis, 

PG01042 behaved as an agonist at inhibiting AC and as a weak partial agonist at activating 

mitogenesis [19]. Therefore, the conundrum of how these two selective D3R ligands could 

be pharmacologically different in vitro and yet promote the same in vivo pharmacological 

response had to be resolved. Hence, the observation that both PG01037 and PG01042 

were able to counteract LID-like behavior in rats can be explained by their ability to 

counteract D1R-mediated signaling in the D1R-D3R heteromer by means of different 

allosteric mechanisms. Moreover, the inability of another phenylpiperazine derivative and 

selective D3R ligand, VK4-116 [20], to counteract and even potentiate LID-like behavior in 

rats is associated with its inability to counteract D1R signaling and its ability to specifically 

promote ß-arrestin recruitment by the D1R-D3R heteromer. Computational models of these 

ligands bound to D3R alone and upon oligomerization with the D1R provide potential 

molecular mechanisms involved in the D1R-D3R heteromerization-dependent differential 

pharmacological effects of these three D3R ligands. Therefore, the present study strongly 

supports D1R-D3R heteromers, and not D1R or D3R, as main therapeutic targets in LID.
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2. Materials and Methods

2.1. Expression vectors and fusion proteins

The human cDNAs for D1R and D3R, cloned into pcDNA3.1, were amplified without 

their stop codons using sense and antisense primers harboring unique EcoRI and BamHI 

restriction sites. The amplified fragment corresponding to D1R was subcloned to be in-frame 

with restriction sites of pcDNA3.1-Rluc, pcDNA3.1-cYFP, or pcDNA3.1-nYFP to obtain 

plasmids that express D1R fused to Renilla luciferase (D1R-Rluc) or to complementary 

halves of the yellow fluorescence protein (YFP) on the C-terminal end of the receptor 

(D1R-cYFP, or D1R-nYFP). The amplified fragment corresponding to D3R was subcloned 

to be in-frame with EcoRI and BamHI restriction sites of pcDNA3.1-YFP, pcDNA3.1-

cYFP or pcDNA3.1-nYFP to obtain plasmids that express D3R fused to YFP or to 

complementary halves of YFP. The receptor-fusion protein expression and function was 

tested by confocal microscopy and signaling, including extracellular signal-regulated kinases 

1 and 2 phosphorylation and cAMP production, as described previously [6,21]. Human β-

arrestin-1-Rluc6, cloned in the pcDNA3.1 Rluc6 vector (pRluc-N1 PerkinElmer, Wellesley, 

MA), was generously given by Dr. Marian Castro from Santiago de Compostela University, 

Spain.

2.2. Cell culture and transfection

HEK-293T cells were grown in Dulbecco’s modified Eagle’s medium (Gibco, Paisley, 

Scotland) supplemented with 2 mM L-glutamine, 100 U/ml penicillin/streptomycin, 100 

μg/ml sodium pyruvate, minimum essential medium nonessential amino acids solution 

(1/100), and 5% (v/v) heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA) and 

cells were maintained at 37 °C in an atmosphere of 5% CO2. HEK-239T cells growing 

in 6-well dishes were transiently transfected with the corresponding fusion protein cDNA 

by the polyethylenimine method, as described in detail elsewhere [22]. Sample protein 

concentration was determined using a Bradford assay kit (Bio-Rad, Munich, Germany) and 

bovine serum albumin dilutions as standards.

2.3. HIV TAT fused-TM peptides

Synthetic peptides with the amino acid sequence of transmembrane domains (TMs) of 

the D1R were used as heteromer-disrupting tools [7,8,23–25]. Peptides are fused to the 

cell-penetrating HIV trans-activator of transcription (TAT) peptide (YGRKKRRQRRR) to 

allow their right orientation when inserted in the plasma membrane [23,24,26]. To obtain 

the right orientation of the membrane-inserted peptide, the TAT peptide was fused to the 

C-terminus of peptides with the amino acid sequence of TM 5, and TM 7 of D1R or the D3R 

(TM5, and TM7 peptides, respectively) or to the N terminus of TM 4, and TM 6 of D1R or 

the D3R (TM4, and TM6 peptides, respectively). All peptides were synthesized by Genemed 

Synthesis, Inc. Their sequences were as follows:

YGRKKRRQRRRAAFILISVAWTLSVLISFIPVQLSW for TM4 of D1R,

TYAISSSLISFYIPVAIMIVTYTSIY YGRKKRRQRRR for TM5 of D1R,
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YGRKKRRQRRRTLSVIMGVFVCCWLPFFISNCMVPFCG for TM6 of D1R,

FDVFVWFGWANSSLNPIIYAFNADFYGRKKRRQRRR for TM7 of D1R,

YGRKKRRQRRRVALMITAVWVLAFAVSCPLLF for TM4 of D3R,

FVIYSSVVSFYLPFGVTVLVYAYGRKKRRQRRR for TM5 of D3R,

YGRKKRRQRRRMVAIVLGAFIVCWLPFFLTHVL for TM6 of D3R and

ATTWLGYVNSALNPVIYTTFYGRKKRRQRRR for TM7 of D3R.

2.4. Bimolecular fluorescence complementation (BiFC)

HEK-293T cells were transiently co-transfected with the cDNA encoding the corresponding 

receptor fused to n-YFP and the receptor fused to c-YFP. The amount of transfected cDNA 

was 4 μg for each construct. After transfection (48 h), cells were treated or not with 

the indicated TM peptides (4 μM) for 4 h at 37 °C. Reconstituted YFP expression was 

quantified by distributing the cells (20 μg protein) in 96-well microplates (black plates 

with a transparent bottom, Porvair, King’s Lynn, UK), and emission fluorescence at 530 

nm was read in a Fluo Star Optima Fluorimeter (BMG Labtech) equipped with a high-

energy xenon flash lamp, using a 10 nm bandwidth excitation filter at 400 nm reading. 

Protein fluorescence expression was determined as fluorescence of the sample minus the 

fluorescence of cells not expressing the fusion proteins (basal). Cells expressing D1R-cYFP 

and nYFP or D3R-nYFP and cYFP showed similar fluorescence levels to non-transfected 

cells.

2.5. cAMP formation

To determine cAMP formation, homogeneous time-resolved fluorescence resonance energy 

transfer (TR-FRET) assays were performed using the Lance Ultra cAMP kit (PerkinElmer, 

Waltham, MA), based on competitive displacement of a europium chelate-labelled cAMP 

tracer bound to a specific antibody conjugated to acceptor beads. The optimal cell density 

for an appropriate fluorescent signal was first established by measuring the TR-FRET signal 

determined as a function of forskolin concentration using different cell densities. Forskolin 

dose-response curves were related to the cAMP standard curve to establish a cell density 

with a response covering most of the dynamic range of the cAMP standard curve. The 

cAMP formation experiments were performed in HEK-293T cells 48 h after transfection 

with the indicated amounts of cDNA corresponding to D1R-Rluc and D3R-YFP. 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 (1000 cells/well) in white 

ProxiPlate 384-well microplates (PerkinElmer, Waltham, MA) in medium containing 50 μM 

zardaverine and were pretreated with the antagonists or the corresponding vehicle at 25°C 

for 20 min and 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 HTRF optical module (BMG 

Labtech, Offenburg, Germany).
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2.6. β-arrestin recruitment

β-arrestin-1 recruitment was determined by bioluminescence resonance energy transfer 

(BRET) experiments in HEK-293T 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 minutes with the indicated antagonists, and 5 μM coelenterazine H was added 

before stimulation with the agonist for 7 minutes. 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). One-way ANOVA 

followed by Tukey’s post hoc comparisons was used for all the in vitro experiments (see 

figure legends for statistical results), Prism 9 (GraphPad Software, San Diego CA) was used 

to carry out all statistical analyses.

2.7. Locomotor activity in reserpinized mice

2.7.1. Reserpinization and treatment with dopamine receptor ligands—Male 

C57BL/6 mice (Charles River Laboratories, Wilmington, MA), experimentally naïve at 

the start of the study and weighing 20–25 g, were used. All animals were maintained 

in accordance with the National Institutes of Health Guide for the Care and use of 

Laboratory Animals. The research project involving the present experiments in mice 

was first reviewed and approved by the National Institute on Drug Abuse Intramural 

Program Animal Care and Use Committee (protocol # 15-BNRB-73). Reserpine (Tocris 

Bio-Techne, Minneapolis, MN) 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) [2]. 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. The selective D1R agonist SKF81297 and the non-selective 

D2-like receptor agonist pramipexole were from Tocris Bio-Techne. The selective 

D3R ligands, PG01037 (N-{4-[4-(2,3-dichlorophenyl)-piperazin-1-yl]-trans-but-2-enyl}−4-

pyridine-2-yl)benzamide) [18,27], PG01042 ((N-(4-(4-(2,3-dichlorophenyl)piperazin-1-

yl)butyl)-4-(pyridin-3-yl)benzamide HCl) [19], and VK4-116 ([R]-N-[4-(4-[3-chloro-5-

ethyl-2-methoxyphenyl]piperazin-1-yl)-3-hydroxybutyl]-1H-indole-2-carboxamide) [20] 

were synthesized at NIDA IRP. Vehicle was saline for all the drugs except VK4-116 and 

PG1042, which was 5% DMSO and 5% Tween 80 in sterile water, respectively.

2.7.2. Measurement of locomotor activity—Locomotor activity was recorded 

immediately after the animals were introduced in the activity chambers with 42.0 × 42.0 cm 

open fields (Coulbourn Instruments, Allentown, PA), after the administration of SKF81297 

and/or pramipexole. The D3R selective compounds were administered 15 min before 

SKF81297 and/or pramipexole. All values registered per 10 min were transformed (square 
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root) to reduce the asymmetric statistical distribution of the recorded raw data (skewness to 

the right) and decrease significant differences in the variances between differently treated 

groups [28]. The average of the results obtained from the 10 min-periods recorded for 1 h 

was used for calculations. One-way ANOVA followed by Tukey’s post hoc comparisons was 

used to compare the results of different groups (see figure legends for statistical results), 

Prism 9 (GraphPad Software) was used to carry out the statistical analyses.

2.8. Expression of dopamine receptor mRNA

RNAscope in situ hybridization was used to image DRD1, DRD2 and DRD3 mRNA. Mouse 

brains were extracted by rapid decapitation and immediately submerged in 2-methyl-butane 

to be then stored in −80°C until ready for use. Midbrain coronal sections were collected 

at 16-μm thickness onto Superfrost Plus slides to be then dehydrated in graduated ethanol 

(PBS, 50%, 70% and 100% ethanol) and process according to the RNAscope manual assay 

protocol (ACD Bio-Techne, Nevark, CA). Using RNAscope Reagent Kit (ACD Bio-Techne) 

the midbrain sections were incubated first in Protease-Pretreat 4 solution (RT, 20 min), 

rinsed twice in dH20, and then treated with Mm-DRD1 (ACD Biotechne, cat. # 461901-2), 

Mm-DRD2 (ACD Biotechne; cat. # 406501-C3) and Mm-DRD3 (ACD Biotechne; cat # 

447721) probes for 2 h at 40°C. After double rinse in wash buffer, the sections were treated 

with AMP 1 (30 min, 40°C), AMP 2 (15 min, 40°C), AMP 3 (30 min, 40°C), and AMP 4 

Alt A (15 min, 40°C) with double rinse in PB between each amplification step. Next, a drop 

of DAPI was added to each slide, followed by fluorescent mounting medium (Fluoro-Gel; 

Electron Microscopy Sciences, Hatfield, PA; cat. # 17985,) and coverslip. Images were taken 

on a Keyence BZ-X800 fluorescence microscope (Keyence, Iyasca, IL) from 3 sections at 

60X magnification. The number of 4′,6-diamidino-2-phenylindole (DAPI) positive cells, 

expressing D3R and D1R or D3R and D2R were counted at 60X magnification using Image J 

software (NIH, public domain).

2.9. L-DOPA-induced dyskinesia (LID) in rats

2.9.1. Establishment of LID—Adult male (M) and female (F) Sprague-Dawley rats 

(16M, 4F) were used throughout the experiment (N = 20). All animals were maintained in 

accordance with the National Institutes of Health Guide for the Care and use of Laboratory 

Animals and with the guidelines of the Institutional Animal Care and Use Committee 

of Binghamton University. All rats underwent a unilateral dopamine neuronal lesion with 

6-hydroxydopamine hydrobromide (6-OHDA; Sigma, St Louis, MO, USA) infused in the 

left medial forebrain bundle (MFB), a procedure previously described [13,29]. In short, 

rats were administered analgesic Buprenex (buprenorphine HCl; 0.03 mg/kg, i.p.; Reckitt 

Benckiser Pharmaceuticals Inc, Richmond, VA) prior to surgery and were anesthetized 

with inhalant isoflurane (2–4%; Sigma) in oxygen (2.5 l/min) and placed in a stereotaxic 

apparatus (David Kopf Instruments, Tujunga, CA) with the incisor bar positioned at −5.0 

mm relative to the interaural line. The targeted site, relative to bregma was: AP, −1.8 mm; 

ML −2.0 mm; DV, −8.6 mm. A 10 μl Hamilton syringe attached to a 26-gauge needle was 

lowered into the target through a small hole in the skull and then used to deliver 6-OHDA 

(3 μg/μl) dissolved in 0.9% NaCl + 0.1% ascorbic acid at a rate of 2 μl/min, for a total 

volume of 4 μl. The needle was withdrawn 5 min after injection to allow for diffusion 

from the injection site. To minimize post-surgery pain and discomfort, analgesic Rimadyl 
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(carprofen; Zoetic Inc., Kalamazoo, MI) was administered twice on a 6–12 h interval. After 

surgery, rats were pair-housed in pre-warmed, clean cages and were monitored for a post-

operative period of 10 days in which they received soft food, fruit, and fluid replacement as 

needed to facilitate recovery. All experiments began 3 weeks post-surgery to allow sufficient 

recovery time. Three weeks after surgery all lesioned rats (N=16; 12M, 4F) received a daily 

subcutaneous injection of L-DOPA methyl ester (6 mg/kg; Sigma) + DL-serine 2-(2,3,4-

trihydroxybenzyl) hydrazide hydrochloride (benserazide; 15 mg/kg; Sigma), dissolved in 

vehicle (0.9% NaCl + 0.1% ascorbic acid), for a 2-week priming period to establish stable 

LID expression [30–32].

2.9.2. Treatments with D3R ligands—Following confirmation of stable LID, 

dyskinetic rats (n=15; 11M, 4F) entered a counterbalanced within-subjects design where 

the expression of LID was evaluated following treatment with the D3R-selective compounds 

PG01037, PG01042 and VK4-116. PG01037 (0, 10, 30 mg/kg; i.p.) and PG01042 (0, 5, 

10 mg/kg; i.p.) were prepared in 25% DMSO (VWR, Radnor, PA, USA) in sterile distilled 

water and administered at 1 ml/kg. To improve solubility, prepared doses of PG01037 and 

PG01042 were maintained at ~37°C in a water bath until injection immediately prior to 

L-DOPA (6 mg/kg; s.c.). VK4-116 (0, 10, 30 mg/kg; i.p.) was prepared in 10% DMSO 

and 15% Tween-80 (Sigma) in sterile distilled water, with the 30 mg/kg dose prepared at a 

concentration of 15 mg/ml and injected at 2 ml/kg due to solubility constraints. VK4-116 

was administered 15 min prior to L-DOPA. Washout periods of at least 2 days interspersed 

priming day 14 and the first acute challenge and all subsequent acute dose response testing. 

All rats meeting Abnormal involuntary movements (AIMs) criteria (AIMs >10, N=15) 

entered a counterbalanced within-subjects design to determine dose response curves for each 

compound. In the first experiment, rats (n=8; all male) were administered either PG01037 

(0, 10, 30 mg/kg; i.p.) or PG01042 (0, 5, 10 mg/kg; i.p) 5 min prior to L-DOPA (6 mg/kg, 

s.c.). In the second experiment, rats (n=7; 3M, 4F) were administered VK4-116 (0, 10, 

30 mg/kg; i.p.) 15 min prior to L-DOPA. Abnormal involuntary movements (AIMs) were 

rated were quantified on each day of treatment beginning 10 min post-injection of L-DOPA. 

Washout periods of at least 2 days were interspersed between each test day. Following the 

completion of all test days, rats were sacrificed off-treatment after a washout period of at 

least 2 days.

2.9.3. Measurement of abnormal involuntary movements (AIMs)—Rats were 

monitored for development and expression of rodent dyskinesia using the AIMs rating 

scale which has been validated pharmacologically through the administration of known 

anti-dyskinetic compounds [33]. Rats were placed in clear plexiglass cylinders (20 cm 

in diameter × 25 cm in height) after L-DOPA injection and a trained observer blind 

to experimental condition rated axial, limb, and orolingual (ALO) behaviors beginning 

10 minutes post-injection. ALO behaviors were rated for 60 sec every 10 min for a 

total duration of 180 min, a procedure previously described [33,34]. Axial AIMs are 

characterized by dystonic twisting of the trunk contralateral to lesion. Limb AIMs are 

choreic movement of the fist and forelimb contralateral to lesion. Orolingual AIMs consist 

of tongue protrusions and jaw tremors. Each ALO behavior is rated on a scale of 0–4: 0, 

behavior not present; 1, behavior present for <30 sec; 2, behavior present for ≥30sec; 3, 
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behavior present for 60 sec but can be interrupted by a tap on the cylinder; 4, behavior 

present for 60 sec but cannot be interrupted by an extraneous stimulus. All rats in all 

experiments went through the same 2-week L-DOPA priming period, and were rated for 

AIMs on days 1, 8, and 14 of daily L-DOPA treatment to measure the development of 

LID. On day 14, all animals were required to meet a cumulative ALO sum >10 to continue 

throughout the study [35].

2.9.4. Measurement of forepaw adjusting steps (FAS)—The FAS test was used as 

a measure of forepaw akinesia used to evaluate baseline motor impairment consequent to 

the MFB lesion [16] and was performed as previously described [29,36]. In brief, rats were 

restrained by a trained experimenter so that both hindlegs and one forelimb were secured. 

Rats were then moved laterally across a table at a speed of 90 cm/10sec during which an 

additional experimenter recorded the number of steps taken on both the lesioned and intact 

paw in both the forehand and backhand direction. FAS serves a proxy for lesion success as 

rats showing >80% striatal dopamine depletion perform poorly on this test [37]. Forehand 

percent intact was calculated by dividing the total right forepaw steps by total forepaw 

steps and multiplying by 100%. Animals showing forehand percent intact values >25% were 

considered unsuccessfully lesioned and excluded from further study.

2.9.5. Neurochemical analysis—After a washout period of at least 2 days, all animals 

were rapidly euthanized and brains were collected and flash-frozen on 2-methylbutane 

kept at approximately −20°C. Brains were cut on a cryostat, and a circular punch of 

2 mm diameter × 1.5 mm depth was collected between approximately +0.70 mm and 

−0.80 mm from bregma from the left and right dorsomedial striatum. Brain tissue punches 

were stored at −80°C in 1.6 mL microcentrifuge tubes for later analysis. Lesions were 

confirmed post-mortem in all rats using reverse phase HPLC coupled to electrochemical 

detection to evaluate striatal dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) levels 

as described in prior work [35,36]. The limit of detection was 0.1 nM for monoamines 

and their metabolites. Tissue homogenate sample oxidation current values were plotted 

against a standard curve with known concentrations varying from 0.001 to 1.0 nM and were 

normalized to tissue weight. Monoamine levels are expressed as pg of monoamine per mg of 

tissue.

2.9.6. Statistical analyses—AIMs data (expressed as median + median absolute 

deviation; M.A.D.) was analyzed by non-parametric statistics. For all dose-response testing, 

within-subjects designs were utilized, and the Friedman test was employed with Wilcoxon 

Match Pairs post-hoc tests. All HPLC monoamine and metabolite data (mean pg/mg of 

tissue ± S.E.M.) were analyzed using paired t tests. One data point for striatal DOPAC was 

undetectable and not included. Analyses for all LID experiments in rats were performed with 

SPSS software (Chicago, IL).

2.10. Computational methods

The structure of inactive D3R bound to eticlopride (PDB id 3PBL) [38] was used. The 

inactive structure of D1R was modeled from the active structure of D1R bound to a non-

catechol agonist and Gs (7JOZ) [39] and the inactive structure of the ß1-adrenergic receptor 
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(4BVN) [40] (see Suppl. Fig. 1 for details). Fusion proteins were removed, and stabilizing 

mutations were mutated to the native sequence. The D1R-D3R heteromer was built from 

the TM 5/6 dimeric interface observed in the crystal structure of μ-opioid receptor (4DKL) 

[41], as previously performed for the adenosine A1R-A2AR [42] and μ-opioid-Gal1 receptor 

heteromers [43]. PG01042, PG01037 and VK4-116 were modeled into the orthosteric 

binding cavity of D3R using the structure of eticlopride bound to D3R (3PBL) as a template, 

whereas the spacer and the second pharmacophore were oriented towards the extracellular 

domain as previously proposed [44,45]. The structures of the D3R protomer and the D1R-

D3R heteromer in the apo form, with no ligand bound, and with PG01042, PG01037 and 

VK4-116, were embedded in a lipid bilayer box, constructed using PACKMOL-memgen 

[46], containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, water molecules, and 

monoatomic Na+ and Cl− ions. Molecular dynamic (MD) simulation of these systems were 

performed with GROMACS 2019 [47] using the protocol previously reported [49]. The 

analysis of the trajectories was performed using MDAnalysis [49] and GetContacts (https://

getcontacts.github.io/).

3. Results

3.1. Effect of PG01042, PG01037 and VK4-116 on G protein-dependent signaling in 
mammalian cells transfected with D3R and D1R.

We have previously shown that the selective D3R ligands PG01042, PG01037, and VK4-116 

have different pharmacological profiles in cells transfected only with D3R [18,19,27]. 

PG01042 behaved as an agonist at inhibiting AC, whereas PG01037 and VK4-116 behaved 

as effective antagonists. To analyze the properties of these compounds in the D1R-D3R 

heteromer, we first measured cAMP production in HEK-293T cells co-transfected with 

D1R, a Gs-coupled receptor, and D3R, a Gi-coupled receptor. In agreement with our 

previous results in cells with only D3R, the agonist PG01042 significantly counteracted 

the effect of forskolin, both at 10 and 100 nM, with the highest concentration (100 nM) 

being almost as effective as a high dose (30 nM) of the D3R-agonist pramipexole (at 

30 nM) (D3Rago, Fig. 1a). On the other hand, PG01037 and VK4-116 were not able to 

decrease cAMP as anticipated from their antagonist profile (at 10 and 100 nM) (Fig. 1a). 

We next analyzed possible allosteric interactions in the D1R-D3R heteromer by comparing 

the effect of simultaneously adding the D1R agonist SKF81297 (at 30 nM) (D1Rago) and 

PG01037 or VK4-116 in cells transfected only with D1R (Fig. 1b) with those transfected 

with D1R and D3R (Fig. 1c). As expected, none of the selective D3R ligands had any 

effect in SKF81297-induced cAMP production in cells transfected with only D1R. In 

contrast, PG01042 significantly counteracted the SKF81297-mediated increase of cAMP, 

the canonical Gs-Gi antagonistic interaction at the AC level (type III allosterism, see ref. 

[50]). Using heteromer disrupting peptides, we previously demonstrated that D1R-D3R 

heteromerization is necessary to allow the canonical antagonistic Gs-Gi interaction at the 

AC level, by which a D3R agonist inhibits AC activation by a D1R agonist [8]. We, thus, 

measured cAMP levels in the presence of TM peptides with the amino acid sequence of 

TMs TM 6 and TM 7 of the D1R (TM6 and TM7 peptides) fused to an HIV-TAT sequence 

(see Materials and Methods). As expected, the canonical antagonistic interaction between 

SKF81297 and the PG01042 agonist was dependent on D1R-D3R heteromerization, since it 
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was absent in cells only transfected with D1R (Fig. 1b) and in D1R-D3R transfected cells in 

the presence of the disrupting TM6 peptide (Fig. 1d), but not in the presence of the control 

TM7 peptide (Fig. 1e).

Another previously described allosteric property of the D1R-D3R heteromer is cross-

antagonism, by which a D3R antagonist blocked D1R-mediated signaling [7] (type I 

allosterism, [50]). Thus, cross-antagonism requires a direct D1R-D3R interaction since 

antagonists do not signal on their own. Interestingly, PG01037, but not VK4-116, blocked 

the SKF81297-mediated increase of cAMP (Fig. 1c). The cross-antagonism of PG01037 was 

absent in cell expressing only D1R and in the presence of the disruptive TM6 peptide of 

D1R (Fig. 1d), but not with the TM7 control peptide. We have proposed a mechanism by 

which cross-antagonism could be explained within a heteromer that discloses a symmetrical 

TM 5/6 interface [51]. The antagonist of one of the protomers could favor a specific 

conformation of TM 5 and TM 6 that supports high surface complementarity with TM 5 and 

TM 6 of the partner receptor. This four-helix bundle interaction previously described in the 

μ-opioid receptor dimer [41] could block the opening of the intracellular cavity for G protein 

binding [51]. We previously proposed a symmetrical TM 5/6 interface of the D1R-D3R 

heteromer, based on the disrupting effects of TM5 and TM6 peptides of the D1R on BiFC 

and functional experiments [7,8]. We now performed additional BiFC experiments with TM 

peptides of both D1R and D3R. HEK-293T cells were co-transfected with D1R and D3R 

separately fused to complementary halves of the yellow fluorescent protein (N-terminal, 

D3R-nYFP, or C-terminal, D1R-cYFP). Confirming a symmetrical TM 5/6 interface, we 

observed a statistically significant fluorescence decrease with TM5 and TM6 of both D1R 

and D3R, but not with TM4 or TM7 peptides (Fig. 1f).

To understand the pharmacological differences among PG01042, PG01037, and VK4-116 

at the molecular level, we first performed three replicas of unbiased 1 μs MD simulations 

(see Methods) of the D3R monomer in the presence of these compounds (Figs. 1g–1i, Suppl. 

Fig. 2). These phenylpiperazine compounds contain a primary and a second pharmacophore, 

linked by a spacer, which bind at the orthosteric binding pocket and at a secondary binding 

site (at the extracellular domain, ECD), respectively. Root-mean-square deviations (rmsd) 

of the simulations (Suppl. Fig. 2a) show that PG01042 and VK4-116 remained highly 

stable bound to the orthosteric and at a secondary pocket located at the extracellular part 

of TM 2 (see probability density plots of key distances in Suppl. Fig. 2b). In contrast, 

the second pharmacophore unit of PG01037 is unstable near TM 2 and moves toward TM 

6 as shown by the large rmsd values and the probability density plots. This change is 

not due to the differential double bond located at the spacer (see dihedral angles plots at 

Suppl. Fig. 3) but the hydrogen bond interaction between PG01037 and Asn6.58 in TM 

6. These different binding modes prompt a different conformation of the ECD and TM 6, 

which might therefore explain the respective presence and absence of cross-antagonism with 

PG01037 and VK4-116 binding.
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3.2. Effect of PG01042, PG01037 and VK4-116 on β-arrestin in mammalian cells 
transfected with D3R and D1R.

The ability of PG01042, PG01037, and VK4-116 to promote ß-arrestin recruitment was 

evaluated in HEK-193T cells transiently transfected only with D3R (Fig. 2a) and co-

transfected with both D1R and D3R (Figs. 2b–2c). The full D3R agonist pramipexole 

significantly recruited ß-arrestin in cell transfected with only D3R, but neither PG01037 

or PG01042 (10 nM) or VK4-116 (100 nM) were effective (Fig. 2a). Notably, in cells 

co-expressing D1R and D3R, a significant ß-arrestin recruitment was selectively obtained 

with VK4-116, at 10 and 100 nM, which was ~60% the effect of a high concentration (30 

nM) of pramipexole (Fig. 2b). Neither PG01037 or PG01042, at 10 or 100 nM promoted 

a significant ß-arrestin recruitment in D1R-D3R transfected cells. We also compared the 

effect of the three ligands (at 10 nM) alone and in combination with pramipexole (30 nM) 

on ß-arrestin recruitment from cells expressing D3R versus cells co-expressing D1R and 

D3R (Suppl. Fig. 4). PG01042 and PG01037 counteracted the effect of pramipexole in 

cells expressing D3R or both D1R and D3R, while VK4-116 only significantly counteracted 

pramipexole in D3R cells (Suppl. Fig. 4). Thus, VK4-116 antagonizes D3R agonist-induced 

ß-arrestin recruitment in D3R-expressing cells, but it behaves as a ß-arrestin biased agonist 

in cells co-expressing D1R, inducing ß-arrestin-recruitment when administered alone or 

combined with pramipexole. The experiments of VK4-116 on ß-arrestin-recruitment in cells 

co-expressing D1R and D3R were repeated in the presence of TM6 and TM7 peptides 

of D1R (Fig. 2c). Clearly, the ability of VK4-116 to promote ß-arrestin recruitment was 

specifically lost in the presence of the disruptive peptide TM6 of D1R, but not in the 

presence of the control peptide TM7 (Fig. 2c). This indicates that ß-arrestin recruitment 

induced by VK4-116 is dependent on D1R-D3R heteromerization. Therefore, we can 

conclude that in the D1R-D3R heteromer, PG01042 prompts a conformation of D3R that 

permits Gi binding (G protein-biased agonism), PG01037 prompts a conformation of D3R 

that permits high complementarity with D1R (cross antagonism), and VK4-116 prompts a 

conformation of D3R that permits ß-arrestin recruitment (ß-arrestin-biased agonist).

The mechanism of agonist-induced receptor activation and G protein binding is accurately 

characterized [52]. It includes a polar network in the receptor core (NPxxY and DRY 

motifs and Y5.58) that transmits the signal from the orthosteric ligand binding site to 

the G protein binding site via the highly conserved PIF motif. On the other hand, the 

mechanisms of agonist-imduce ß-arrestin recruitment and ß-arrestin-biased agonism are not 

fully characterized. Significant advances have shown several signatures recently reviewed by 

Bock & Bermudez [53]. First, bitopic ligands with extended binding modes toward the ECD 

might modulate binding pocket closure leading to ligand bias [54]. Second, in the analogous 

dopamine D2 receptor (D2R), the movement of residues Ile184ECL2 [55] and Phe1895.38 

[56] has been related to arrestin-biased agonism. Third, the interactions of biased agonists 

such as formoterol or salmeterol with amino acids in the orthosteric binding site of ß1- or ß2- 

adrenergic receptors, respectively, are different from the interactions of full agonists [57,58]. 

And fourth, the polar network in the receptor core can also act as a biased signaling switch, 

adopting conformations that can activate ß-arrestin but not G protein signaling [59]. Because 

PG01037, PG01042, and VK4-116 are bitopic ligands interacting with amino acids at the 

ECD, we explored the conformation of the ECD and orientation of Ile183ECL2 (homologous 
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to Ile184ECL2 in D2R), in MD simulations of the D3R monomer. Our simulations show no 

significant differences in the conformation of Ile183ECL2 among the ligands (Suppl. Fig. 2c), 

in agreement with the experimental data indicating that ß-arrestin recruitment is dependent 

on D1R-D3R heteromerization (Figs. 2a–2c).

Thus, to understand the ability of VK4-116 to recruit ß-arrestin we needed to perform 

similar MD simulations on the D1R-D3R heteromer that, in this case, requires computational 

modelling of the D1R/D3R interface (see Suppl. Fig. 1). MD simulations of the D1R-

D3R heteromer, modelled via the TM5/6 interface (Fig. 1f), show that D1R significantly 

influences the conformation of D3R, mainly moving the extracellular part of TMs 5, 6, and 

7 (Fig. 2d). Importantly, the movement of TM 5 relocated ECL2 and the position of the key 

Ile183ECL2 (Fig. 2e). Thus, in contrast to the simulations of the D3R protomer (Suppl. Fig. 

2c), the VK4-116 biased agonist influences the conformation of Ile183ECL2 in the D1R-D3R 

heteromer, relative to the other ligands and apo-D3R (Fig. 2f). The ethyl group of VK4-116 

forms a hydrophobic interaction with Ile183ECL2, as also proposed for biased agonists of 

D2R [55], which is absent in the other ligands. This specific interaction of VK4-116 with 

Ile183ECL2 moves inward the side chains conformations of Phe1885.38 and Ser1925.42 (Fig. 

2g). This causes a polar hydrogen bond network, via specific water molecules, between 

Ser1925.42 and Thr1153.37, as observed in angiotensin II type 1 receptor in complex with 

the biased agonist RTV023 [59]. This binding mode of VK4-116 to the D1R-D3R heteromer 

may underlie its unique pharmacological properties as a biased agonist.

3.3. Behavioral profile of PG01042, PG01037 and VK4-116 in reserpinized mice

Locomotor activation in reserpinized mice is widely accepted as an animal model that 

allows the pharmacological evaluation of drugs acting directly or indirectly on postsynaptic 

striatal dopamine receptors, without the interfering influence of endogenous dopamine 

or presynaptic dopamine receptors [2,3,6]. In previous studies we have reported that the 

preferential D3R agonist PD128097, at a dose that does not produce locomotor activation 

in reserpinized mice, strongly potentiates the locomotor activation induced by D1R agonists 

(SKF38393 and SKF81297) [6,8]. We now reproduce these findings with pramipexole, 

another agonist with similar preferential affinity for D3R versus D2R than PD128097 (about 

10 times higher affinity for D3R than D2R [60]). Pramipexole produced a dose-dependent 

locomotor activation starting to be significant at 3 mg/kg (Fig. 3a). As previously shown 

for PD128097, a low dose of pramipexole that was ineffective when administered alone 

(1 mg/kg) strongly potentiated the locomotor activation induced by SKF81297 (5 mg/kg) 

(Fig. 3a). It was then assumed that, at 1 mg/kg, pramipexole predominantly activates striatal 

postsynaptic D3R, while higher doses are necessary to significantly involve the striatal 

postsynaptic D2R.

PG01042, PG01037 and VK4-116 were then analyzed for their ability to modify the basal 

locomotor activity in reserpinized mice and the locomotor activation induced by SKF81297 

(5 mg/kg), by a high dose of pramipexole (10 mg/kg) and by the co-administration of 

SKF81297 (5 mg/kg) and the low dose of pramipexole (1 mg/kg) (Fig. 3b). The doses of 

PG01042 (10 mg/kg), PG01037 (30 mg/kg) and VK4-116 (10 mg/kg) were chosen from 

results of pilot experiments, based on their minimal doses with a maximal counteracting 
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effect on the locomotor activation induced by SKF81297 (5 mg/kg) or pramipexole (10 

mg/kg). In line with their differential biochemical profile, the three D3R ligands behaved 

in a different qualitative manner. PG01042 counteracted locomotor activation induced by 

SKF81297 and the synergistic effect of SKF81297 plus the low dose of pramipexole, but 

not the high dose of pramipexole; PG01037 counteracted SKF81297, by pramipexole and 

by the synergistic effect of SKF81297 plus the low dose of pramipexole; and VK4-116 

counteracted pramipexole and the synergistic effect of SKF81297 plus the low dose of 

pramipexole, but not SKF81297 (Fig. 3b). Of importance, the effect of PG01037 or PG1042 

at counteracting the locomotor activation induced by SKF81297 plus the low dose of 

pramipexole was more pronounced than the effect of VK4-116 (Fig. 3b).

3.4. Expression of DRD1, DRD2 and DRD3 mRNA in mouse striatum

Previous studies using radioligand-binding or immuno-histochemical techniques in C57BL/6 

mice (strain also used in the present study), or genetically modified mice with the same 

background strain, identified a predominant localization of D3R in the ventral striatum 

[61]. However, co-localization experiments of D3R with D1R or D2R experiments were 

only performed in the dorsal striatum, where in fact the low-expressed D3R co-localized 

with D2R [12]. Nevertheless, in the dorsal striatum of mice rendered dyskinetic upon 

dopamine denervation and L-DOPA treatment, upregulation of D3R predominantly occurred 

in D1R-expressing neurons [12]. Using in situ hybridization techniques (RNAscope ISH), 

we recently obtained similar qualitative results in the dorsal striatum of L-DOPA-induced 

dyskinetic rats. However, in this case, D3R was found to separately co-localize with D1R 

and D2R in the dorsal striatum of naïve animals [13]. RNAscope ISH experiments were then 

performed to simultaneously determine D1R-D3R and D2R-D3R colocalization in the dorsal 

and ventral striatum of C57BL/6 mice. The qualitative analysis showed that DRD1, DRD2 
and DRD3 mRNA are expressed in the dorsal and ventral striatum (Fig. 4). Very little, if 

any, co-localization of DRD1 and DRD2 mRNA was observed in either the dorsal or ventral 

striatum. As previously reported [61], DRD3 was significantly more expressed in the ventral 

than in the dorsal striatum. In the ventral striatum (Fig. 4a), most cells expressing DRD1 
also expressed DRD3 mRNA and fewer cells also co-expressed DRD2 and DRD3 mRNA 

(white arrows). In the dorsal striatum (Fig. 4b), the lower number of cells expressing DRD3 
mRNA also preferentially co-expressed DRD1. These results therefore confirm that, in the 

ventral striatum, D3R are highly co-expressed with D1R and that a less substantial but still 

evident D2R-D3R co-localization also exists.

3.5. Behavioral profile of PG01042, PG01037 and VK4-116 in L-DOPA-induced dyskinetic 
rats

Previous work from our laboratory and others has demonstrated that PG01042 and PG01037 

reduce established LID in hemi-parkinsonian rats, despite divergent pharmacological 

properties [18,19]. We now compared their effects to that of VK4-116 [20] on ALO AIMs 

induced by repeated treatment with L-DOPA in rats with unilateral 6-OHDA-induced lesion 

of the MFB (see Methods). Lesion efficacy was confirmed using analyses of dopamine 

and DOPAC content in lesioned vs unmanipulated striata using HPLC. Dopamine (Mlesion 

= 271.87 pg/mg of tissue, Mun = 15184.30 pg/mg, t14 = 15.02, p < 0.05) and DOPAC 

(Mlesion = 59.59 pg/mg, Mun = 1528.75 pg/mg, t13 = 15.59, p < 0.05) content in lesioned 
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striata were significantly lower than unmanipulated striata (98.21% and 96.10% reduction, 

respectively). As shown in Fig. 5, several time-dependent and compound-dependent effects 

were revealed. With PG01042 (Fig. 5a), rats receiving the low dose (5 mg/kg) demonstrated 

significantly less ALO AIMs than vehicle-treated rats at the 50 and 60 min timepoints while 

the high dose (10 mg/kg) attenuated LID expression relative to vehicle in rats at 50, 80 and 

90 min-time points. Statistical differences were also found between the low and high doses 

at 80, 90, and 110 min timepoints. For PG01037 (Fig. 5b), timepoint analyses revealed a 

significant suppressive effect of the low dose (10 mg/kg) on ALO AIMs 60 min following 

L-DOPA. The high dose of PG01037 (30 mg/kg) significantly reduced LID expression 

relative to vehicle treatment at the 60, 80, 90, and 110 min timepoints. Further, differences 

between AIMs expression in rats receiving the high vs low dose were found at 80 and 110 

min such that the high dose significantly alleviated ALO AIMs more than the low dose. 

Interestingly, VK4-116 did influence severity of AIMs at a single late timepoint (140 min), 

but in the opposite direction (Fig. 5c). Analysis revealed that the high dose of VK4-116 (30 

mg/kg) increased ALO AIMs relative to vehicle (p < 0.05). Although correlational, these 

behavioral results in dyskinetic rats strongly suggest a central role for ß-arrestin-dependent 

signaling in LID and as importantly targeting D3R in the D1R-D3R heteromer specifically 

(see Discussion).

4. Discussion

Although GPCR oligomerization represents an increasingly accepted concept [62–64], it is 

still under considerable debate [65,66]. One of the main concerns is about the localization 

and functional significance of GPCR heteromers in vivo [65,66]. Nevertheless, in some 

cases, the simultaneous use of different experimental approaches has provided significant 

convergent evidence for their functional presence in the experimental animal and for their 

putative role in pathological conditions and as targets for drug development [62–64]. 

Particularly valuable has been the use of disrupting synthetic peptides with the amino acid 

sequence of TMs (TM-peptides) involved in the intermolecular interactions between the 

GPCR units of the heteromer. The functional and pharmacological properties of GPCR 

heteromers can in fact be disclosed upon the selective disruption with specific heteromer-

disrupting peptides [7,8,24,25,43,51].

Among those properties, GPCR heteromers provide the framework for different emergent 

allosteric interactions, which have been recently classified in three main types [50]: Type I 

corresponds to the interactions between orthosteric ligands of the two different GPCRs, by 

which the ligand of one GPCR changes the properties (affinity or efficacy) of the ligand for 

the other GPCR; type II corresponds to a ligand-independent interaction, where one of the 

GPCRs, without ligands, changes the properties of a ligand of the other GPCR; and type III, 

corresponds to an allosteric interaction through a plasma-membrane effector, such as AC, 

which forms part of an oligomeric complex that includes the GPCR heteromer. This includes 

the canonical Gs-Gi antagonistic interaction at the AC level. Using the TM-peptide strategy, 

we previously demonstrated the existence of type I and III allosterism in the D1R-D3R 

heteromer, by which a D3R agonist promotes a synergistic effect on D1R agonist-mediated 

ß-arrestin signaling, while simultaneously inhibiting the D1R agonist-mediated G protein-

mediated signaling [7,8]; These simultaneous allosteric interactions result in a significant 
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switch in D1R signaling, from a G protein-AC mediated to a ß-arrestin-mediated signaling 

[8].

In the present study we provide evidence for the three different types of allosteric 

interactions in the D1R-D3R heteromer involving three structurally related selective D3R 

ligands, all of them disclosed by the disruptive TM6 peptide of the D1R. The cross-

antagonism of PG01037, its ability to block SKF81297-induced AC activation, represents a 

type I allosterism. On the other hand, PG01042 promotes the same effect by a canonical Gs-

Gi antagonistic interaction at the AC level, which represents a type III allosterism. Finally, 

the ability of VK4-116 to signal as a ß-arrestin-biased agonist when the D3R heteromerizes 

with the D1R, represents a ligand-independent type II allosterism. Computational analysis 

provided possible explanations for the molecular mechanisms of the cross-antagonism of 

PG01037 and the ß-arrestin functionally selective agonism of VK4-116 in the D1R-D3R 

heteromer. We found a specific instability of the second pharmacophore unit of PG01037 

near TM 2 and its movement toward TM 6 of the D3R, which promotes a different 

conformation of TM 6, which could favor the four-helix bundle interaction involving TM 5 

and TM 6 of both receptors in the D1R-D3R heteromeric interface, previously suggested to 

provide a mechanism for cross-antagonism in GPCR heteromers [51]. MD simulations of 

the D1R-D3R heteromer, modelled via the TM5/6 interface, showed that D1R significantly 

influences the conformation of D3R, mainly by moving the extracellular part of TMs 5, 

6, and 7. The movement of TM 5 of the D3R significantly changes the position of a key 

Ile residue of ECL2 (Ile183ECL2), with which VK4-116, but not PG01037 and PG01042, 

can specifically interact and promote conformational changes that have been previously 

associated with biased ß-arrestin agonism (See Results and ref. [59]).

The different biochemical properties disclosed by the three selective D3R ligands, PG01042, 

PG01037 andVK4-116, and their dependence on D1R-D3R heteromerization, indicated a 

fundamental involvement of the D1R-D3R heteromer in the locomotor activation induced 

by D1R agonists in reserpinized mice. Thus, the ability of PG01042 to counteract the 

locomotor activity induced by the D1R agonist SKF81297 could be explained by its G 

protein-biased D3R agonism, promoting a negative crosstalk through a D1R-D3R heteromer-

dependent canonical antagonistic Gs-Gi interaction at the AC level. PG01037 could also 

counteract the effect of SKF81297, but through its ability to exert cross-antagonism in the 

D1R-D3R heteromer. On the other hand, VK4-116 did not show a negative crosstalk or 

cross-antagonism and, accordingly, did not modify the locomotor activating effect of the 

D1R agonist.

The ability of PG01042 and PG01037 to strongly counteract the locomotor activation 

induced by co-administration of D1R and D3R agonists could be explained by their ability 

to block D1R-mediated G protein-dependent-AC signaling and simultaneously impede the 

switch to the D1R-mediated ß-arrestin signaling. On the other hand, the ability of VK4-116 

to partially counteract the locomotor synergism of the D1R and D3R agonists could 

be dependent on its selective ability to promote ß-arrestin recruitment by the D1R-D3R 

heteromer, but without allowing the switch of D1R signaling and consequent synergistic 

effect. It can also be assumed that the locomotor activation induced by D1R agonists in 

reserpinized mice generates in the ventral striatum, where D3R are highly expressed and 
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strongly co-localized with D1R in GABAergic striato-nigral neurons (see Introduction). 

Therefore, a major implication of the present results is that selective D3R ligands can be 

used to indirectly target ventral striatal D1R-mediated behavioral effects.

The ability of the high dose of pramipexole to elicit locomotor activation in reserpinized 

mice should depend on its ability to significantly activate postsynaptic D2R, but the 

counteracting effect of PG01037 and VK4-116 (but not PG01042) indicates that D3R are 

also involved and exert a facilitatory role. We favor the hypothesis that the effect of the 

high dose of pramipexole is mediated by a synergistic effect of D2R and D3R activation 

at D2R-D3R heteromers localized in the GABAergic striato-pallidal neuron of the ventral 

striatum. Indeed, there is compelling evidence from in vitro experiments for the formation 

of D2R-D3R heteromers [67–69]. As with D1R-D3R heteromers, D2R-D3R heteromers can 

modify the properties of D2-like receptor ligands, including an increase in the effect of 

pramipexole [67]. The results of ISH in the mouse striatum showed that there is a population 

of striatal cells which co-express both D2R and D3R, preferentially in the ventral striatum 

(white arrows in Fig. 4).

Locomotor activation induced by pramipexole (or other non-selective D2R-D3R agonists) 

in reserpinized mice might then provide an in vivo model of D2R-D3R heteromers in 

the brain. That being the case, biochemical experiments with PG01042, PG01037 and 

VK4-116 should disclose their pharmacological properties in cells co-transfected with D2R 

and D3R, which should be able to explain their differential qualitative profile at altering 

pramipexole-induced locomotor activation in reserpinized mice (experiments in progress). If 

PG01042, PG01037 and VK4-116 have the same properties at the D3R forming heteromers 

with D2R than with D1R, the specific inability of PG01042 to counteract pramipexole 

would suggest that the locomotor activating effect of pramipexole is mostly dependent on 

G protein-AC-mediated signaling (PG01042 would be substituting for pramipexole by its 

ability to selectively activate D3R-mediated G protein-dependent signaling). This however 

would not be supported by other studies that suggest that the locomotor activation mediated 

by striatal D2R are mostly dependent on ß-arrestin-mediated signaling [70,71].

As briefly reviewed in the Introduction, several studies, including those from our research 

groups, support the view that D3R upregulation in D1R-expressing neurons of the dorsal 

striatum is a main mechanism involved in LID. This should lead to the concomitant increase 

in the population of D1R forming heteromers with D3R. D1R-D3R heteromerization could 

then explain the sensitization to the effects of L-DOPA, because of its synergistic effect 

associated with the switch to the ß-arrestin-mediated D1R signaling. The present results add 

significant pharmacological support to the main role of the D1R-D3R heteromer-mediated 

ß-arrestin signaling in LID. The results obtained with the different D3R ligands on D1R-

mediated locomotion in reserpinized mice paralleled their differential ability to counteract 

LID-like behavior in rats, which would therefore be mostly mediated by their differential 

effects on D1R-D3R heteromers in the dorsal striatum. As previously reported, PG01042 and 

PG01037 displayed an antidyskinetic effect [12,18,19], which was significant at relatively 

low doses (10 and 5 mg/kg, respectively), while VK4-116 was not only ineffective but 

it even increased ALO AIMS at the higher dose used (30 mg/kg). The increase occurred 

during the last period of analysis, when the effect of L-DOPA was wearing off, which could 
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be related to the shared ability of L-DOPA and VK4-116 to promote ß-arrestin-mediated 

signaling by the D1R-D3R heteromer. This would imply a longer half-life of VK4-116. 

In fact, previous data demonstrated a high metabolic stability of VK4-116 in rat liver 

microsomes, suggesting that VK4-116 may undergo slow metabolic clearance in vivo [72].

The in vivo intrastriatal application of heteromer-disrupting peptides could be used to 

unequivocally demonstrate the key involvement of D1R-D3R heteromers of the ventral 

striatum and dorsal striatum in the specific pharmacological effects of PG01042, PG01037, 

and VK4-116 in the respective modulation of locomotor activity in mice and LID in 

rats. This strategy was recently used in ex vivo experiments in mice, to demonstrate the 

dependance on D1R-D3R heteromerization in the switch from an AC protein kinase A 

(PKA)-dependent to a PKA-independent D1R agonist-induced signaling (MAPK activation) 

upon co-administration of a preferential D3R agonist [8].

The present study constitutes a proof of concept of the significant pharmacological role 

of GPCR heteromers. We can establish that, to be therapeutically effective in LID, D3R 

ligands should be either D3R antagonists (such as PG01037) or G protein-biased D3R 

agonists (such as PG01042), specifically, at the D1R-D3R heteromer. Thus, VK4-116 is 

an antagonist at the non-heteromerized D3R, but its specific ability to behave as a ß-arrestin-

biased agonist at the D1R-D3R heteromer might impede its potential antidyskinetic effect. 

Hence, when evaluating the role of new D3R ligands as putative antidyskinetic agents, their 

pharmacological profile in cells expressing D1R-D3R heteromers should be determined. We 

also provide support for the use of reserpinized mice as a proxy in vivo model to determine 

the pharmacological properties of D3R ligands at the D1R-D3R heteromers and therefore, 

their putative efficacy in LID. In general, the present study implies that when suspecting 

its pathogenetic role, a GPCR heteromer, and not its individual GPCR units, should be 

considered as a main target for drug development.
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BiFC bimolecular fluorescence complementation

BRET bioluminescence resonance energy transfer

D1R, D2R, D3R dopamine D1, D2 and D3 receptors

DAPI 4′,6-diamidino-2-phenylindole

DOPAC 3,4-dihydroxyphenylacetic acid

ECD extracellular domain

ECL2 extracellular loop 2

FAS forepaw adjusting steps

GPCR G protein-coupled receptor

HEK-293T cells human embryonic kidney-293T cells

HIV TAT peptide HIV trans-activator of transcription peptide

6-OD-DA 6-hydroxydopamine

LID L-DOPA-induced dyskinesia

MD molecular dynamic

M.A.D. median absolute deviation

MFB medial forebrain bundle

PKA protein kinasxe A

Rluc Renilla luciferase

TM transmembrane domain

TR-FRET time-resolved fluorescence resonance energy transfer

YFP yellow fluorescence protein
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Figure 1. Differential effects of PG01042, PG01037, and VK4-116 on G protein-dependent 
signaling in HEK-293T cells transfected with D3R and D1R.
a-e. Results from cAMP formation experiments in HEK-293T cells transfected with D1R-

Rluc cDNA (1 μg) with or without D3R-YFP cDNA (1.5 μg) (D1R-D3R cells and D1R cells, 

respectively). In a, cells are treated with the D2-like receptor agonist pramipexole (D3Rago; 

30 nM for 10 min) or the D3R ligands PG01042, PG01037 and VK4-116 (all at 10 or 100 

nM for 15 min) before forskolin (Fk, 0.5 μM). In b-e, cells are pre-treated or not with 

D1R TM6 or TM7 peptides (4 μM for 4 h) and treated with PG01042 (10 nM), PG01037 

(10 nM) and VK4-116 (100 nM) for 15 min before the D1R agonist SKF81297 (30 nM; 

D1Rago). Values of cAMP formation are shown as mean ± S.D. (n = 6) and expressed 

as percentage of Fk-treated or D1Rago-treated cells in each condition (100% represents 

80–100 pmols cAMP/106 cells). ****: p < 0.0001 versus FK; ### and ####: p < 0.001 

and p < 0.0001 versus D1Rago, respectively (one-way ANOVA followed by Tukey’s post 

hoc comparisons). f. Results from BiFC experiments in HEK-293T cells co-transfected with 

D1R-nYFP and D3R-cYFP in the absence (−) or the presence of the indicated TM peptides 

(at 4 μM) from D1R (gray symbols and plots) or D3R (blue symbols and plots). Fluorescence 

values (in means ± S.D.) are expressed as the percentage of the fluorescence in the absence 

(−) of the indicated TM peptides (n = 6, with triplicates); ***: p < 0.001 versus control 

values (one-way ANOVA followed by Dunnett’s post hoc comparisons). The schemes 

illustrate extracellular and parallel to the membrane views of the computational model of 

the D1R-D3R heteromer built using the TM 5/6 interface (see text). g-i. Representative 

structures (solid sticks) and evolution (lines) of PG01042 (g, in green), PG01037 (h, in 

orange) and VK4-116 (i, in purple) in complex with D3R (white cylinders, only the initial 

structure is shown) as devised from three replicas of unbiased 1μs MD simulations. The 
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second pharmacophore unit of PG01042 and VK4-116 remained stable at the ECD near TM 

2, whereas this part of PG01037 favors its interaction with TM 6 (see Suppl. Fig. 2).
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Figure 2. Differential effects of PG01042, PG01037, and VK4-116 on β-arrestin recruitment in 
HEK-293T cells transfected with D3R and D1R.
a-c. Results from β-arrestin recruitment experiments in HEK-293T cells transfected with 

β-arrestin-1-Rluc cDNA (0.5 μg), D3R-YFP cDNA (1 μg cDNA) with or without D1R 

cDNA (1.5 μg cDNA) (D1R-D3R cells and D3R cells, respectively). In a-b, cells are treated 

for 10 min with the D2-like receptor agonist pramipexole (D3Rago; 30 nM) or the D3R 

ligands PG01042, PG01037 and VK4-116 (10 or 100 nM). In c, cells are pre-treated or 

not with D1R TM6 or TM7 peptides (4 μM for 4 h) and with VK4-116 (10 or100 nM) 

for 15 min before the D1R agonist SKF81297 (30 nM; D1Rago). Coelenterazine H (5 μM) 

was added before pramipexole or the selective D3R ligands for 7 minutes and β-arrestin-1 

recruitment was measured by BRET (see Material and Methods). Values are mean ± S.D. 

(n = 8). *, *** and ****: p < 0.05, p < 0.001 and p < 0.0001 versus basal, respectively 
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(one-way ANOVA followed by Dunnett’s post hoc comparisons). d. Evolution of the Cα 
atoms (spheres) of Y321.35 in TM 1, L892.64 in TM 2, I1013.23 in TM 3, F1704.62 in TM 

4, F1885.38 in TM 5, H3546.60 in TM 6, and P3627.32 in TM 7 during three replicas of 

unbiased 1 μs MD simulations of the D3R monomer (gray) and the D1R-D3R heteromer 

(blue) with no ligand bound. Contour plots of the distances between Y321.35 in TM 1 and 

F1885.38 in TM 5 (distance TM1-TM5) and between L892.64 in TM 2 and H3546.60 in TM 6 

(distance TM2-TM6) during the MD simulations. Distributions of these distances are shown 

in the axes. e. Evolution of I183ECL2 (spheres), and contour plots and distributions of X,Z 

coordinates corresponding to the Cb atom of I183ECL2 during MD simulations. Black arrows 

represent the movements of D3R in the D1R-D3R heteromer (blue) relative to the D3R 

protomer (gray). f. Detailed view of I183ECL2 of D3R in the D1R-D3R heteromer during 

MD simulations with no ligand bound (blue) and PG01042 (green), PG01037 (orange) and 

VK4-116 (red) bound to D3R. Distributions of the Z coordinate corresponding to the Cα 
atom of I183ECL2 during MD simulations. The ethyl group of VK4-116 that triggers the 

upward movement of I183ECL2 is highlighted. g. Detailed views of I183ECL2, F1885.38, 

S1925.42, and T1153.37 of D3R in the D1R-D3R heteromer during MD simulations with no 

ligand bound (blue) and PG01042 (green), PG01037 (orange) and VK4-116 (red) bound 

to D3R. Frequency contacts (%) between side-chain residues, color-coded according to the 

ligand bound to D3R, as calculated with the GetContacts software. Black arrows represent 

the movements of these side chains of D3R relative to the unliganded D3R (blue). The xy 

plane is as defined by the Orientations of Proteins in Membranes (OPM) [73].
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Figure 3. Differential effects of PG01042, PG01037, and VK4-116 on the locomotor activation 
induced by D1R and D2-like receptor agonists in reserpinized mice.
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 D2-like receptor agonist pramipexole (PMX; 

1, 3 or 10 mg/kg, i.p.), or both, without (a) or with (b) previous administration (15 min 

before) of the D3R ligands PG01042 (10 mg/kg, i.p.), PG01037 (30 mg/kg, i.p.) or VK4-116 

(10 mg/kg, i.p.). Values are mean ± S.E.M. (n = 5–18) and are expressed as the average of 

the transformed counts (squared root) obtained from the 10 min-periods recorded for 1 h. 

In a, **, *** and ****: p < 0.01, p < 0.001 and p < 0.0001 versus vehicle-treated animals 

(represented by the dotted line), respectively; ###: p < 0.001 versus SKF (one-way ANOVA 

followed by Tukey’s post hoc comparisons) (one-way ANOVA followed by Tukey’s post 

hoc comparisons). In b, *, **, *** and ****: p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 

versus respective saline-treated animals, respectively.
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Figure 4. D1R, D2R, and D3R gene (DRD1, DRD2 and DRD3) expression in the mouse striatum.
a. RNAscope ISH results in the ventral striatum (framed area in the coronal section) 

showing strong expression of DRD1, DRD2 and DRD3 mRNA with a strong co-localization 

of DRD3 and DRD1 and limited expression of DRD3 in DRD2-expressing neurons. 

b. RNAscope ISH results in the dorsal striatum (framed area in the coronal section) 

showing a strong expression of DRD1 and DRD2 mRNA and limited expression of DRD3 

mRNA, which predominates in DRD1-expressing neurons. Images were taken under 60X 

magnification. DRD1 in red, DRD2 in blue, DRD3 in green.

Moreno et al. Page 30

Pharmacol Res. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Differential effects of PG01042, PG01037, and VK4-116 on L-DOPA-induced 
dyskinesia.
In a within-subjects, counterbalanced design, hemiparkinsonian rats previously rendered 

dyskinetic were treated with the D3R ligands (a) PG01042 (0, 5, 10 mg/kg; i.p.), (b) 

PG01037 (0, 10, 30 mg/kg; i.p.), or (c) VK4-116 (VK; 0, 10, 30 mg/kg; i.p.) prior to 

administration of L-DOPA (6 mg/kg; s.c.). Rats were rated for Axial, Limb and Orolingual 

(ALO) abnormal involuntary movements (AIMs) every 10 min for 180 min post-injection. 

AIMs time course and ALO sums are expressed as median + median absolute deviation 

(M.A.D.). Data were analyzed by non-parametric Friedman ANOVAs with Wilcoxon Match 

Pairs post-hoc tests. + p < 0.05 for Vehicle versus low dose, # p < 0.05 for vehicle versus 
high dose, $ p < 0.05 for low dose versus high dose.
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