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Background and Purpose: Regulator of G-protein signalling 4 (RGS4) is a signal trans-

duction protein that accelerates intrinsic GTPase activity of Gαi/o and Gαq subunits,

suppressing GPCR signalling. Here, we investigate whether RGS4 modulates

nociceptin/orphanin FQ (N/OFQ) opioid (NOP) receptor signalling and if this modula-

tion has relevance for L-Dopa-induced dyskinesia.

Experimental Approach: HEK293T cells transfected with NOP, NOP/RGS4 or

NOP/RGS19 were challenged with N/OFQ and the small-molecule NOP agonist

AT-403, using D1-stimulated cAMP levels as a readout. Primary rat striatal neurons

and adult mouse striatal slices were challenged with either N/OFQ or AT-403 in the

presence of the experimental RGS4 chemical probe, CCG-203920, and

D1-stimulated cAMP or phosphorylated extracellular signal regulated kinase 1/2

(pERK) responses were monitored. In vivo, CCG-203920 was co-administered with

AT-403 and L-Dopa to 6-hydroxydopamine hemilesioned rats, and dyskinetic move-

ments, striatal biochemical correlates of dyskinesia (pERK and pGluR1 levels) and

striatal RGS4 levels were measured.

Key Results: RGS4 expression reduced NOFQ and AT-403 potency and efficacy in

HEK293T cells. CCG-203920 increased N/OFQ potency in primary rat striatal

neurons and potentiated AT-403 response in mouse striatal slices. CCG-203920

enhanced AT-403-mediated inhibition of dyskinesia and its biochemical correlates,

without compromising its motor-improving effects. Unilateral dopamine depletion

caused bilateral reduction of RGS4 levels, which was reversed by L-Dopa. L-Dopa

acutely up-regulated RGS4 in the lesioned striatum.

Conclusions and Implications: RGS4 physiologically inhibits NOP receptor signalling.

CCG-203920 enhanced NOP responses and improved the antidyskinetic potential of

Abbreviations: 6-OHDA, 6-hydroxydopamine; AIMs, abnormal involuntary movements; ALO, axial, limb and orolingual; DA, dopamine; DARPP-32, dopamine and cAMP-regulated

phosphoprotein 32 kDa; ERK, extracellular signal regulated kinase 1 and 2; L -Dopa, levodopa; LID, levodopa-induced dyskinesia; MSNs, medium-sized spiny neurons; N/OFQ, nociceptin/

orphanin FQ; NOP, nociceptin/orphanin FQ opioid peptide; PD, Parkinson's disease; RGS4, regulator of G-protein signal 4; δ, δ opioid peptide; κ, κ opioid peptide; μ, μ opioid peptide.
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NOP receptor agonists, mitigating the effects of striatal RGS4 up-regulation occur-

ring during dyskinesia expression.

LINKED ARTICLES: This article is part of a themed issue on Advances in Opioid Phar-

macology at the Time of the Opioid Epidemic. To view the other articles in this sec-

tion visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v180.7/issuetoc
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1 | INTRODUCTION

Regulators of G-protein signalling (RGS) are signal transduction

proteins that couple to heterotrimeric GPCRs. RGS proteins bind to

the Gα-GTP complex and accelerate its intrinsic GTPase activity, pro-

moting the formation of Gα-GDP and the reassembly of Gαβγ trimer.

This causes the termination of GPCR-driven intracellular signalling

(Berman et al., 1996; Tesmer et al., 1997). RGS proteins are grouped

into five subfamilies (R4, R7, R12, RA and RZ) based on sequence

homology. They interact with Gαi, Gαo, Gα12/13 but not Gαs and

show a variable degree of receptor and G-protein specificity (Kimple

et al., 2011; Sjogren, 2017). Different subtypes of RGS have been

shown to modulate opioid receptors (Traynor, 2012) and have been

proposed as novel therapeutic targets for pain, depression and addic-

tion (Gross et al., 2019; Sakloth et al., 2020; Senese et al., 2020;

Stratinaki et al., 2013; Traynor & Neubig, 2005). In particular, RGS

type 4 (RGS4) has been shown to regulate μ opioid (Xie et al., 2005)

and δ opioid (Dripps et al., 2017) receptors, RGS type 9 isoform

2 (RGS9-2) regulates μ opioid receptors (Garzon et al., 2001;

Psifogeorgou et al., 2007; Zachariou et al., 2003) and RGS type

12 (RGS12) regulates κ opioid receptors (Gross et al., 2019). Prelimi-

nary in vitro evidence suggests that RGS type 19 (RGS19) modulates

the nociceptin/orphanin FQ opioid (NOP) receptor (Xie et al., 2005).

The NOP receptor is a ‘non-opioid’ member of the opioid receptor

family, endogenously activated by its natural heptadecapeptide

ligand nociceptin/orphanin FQ (N/OFQ). N/OFQ regulates several

central and peripheral functions (Toll et al., 2016) and is involved

in motor disorders, such as Parkinson's disease (PD) and

L-Dopa-induced dyskinesia (LID) (Mercatelli et al., 2020), a major dis-

abling complication of L-Dopa pharmacotherapy of PD (Bastide

et al., 2015). Specifically, NOP receptor antagonists proved effective

in attenuating motor symptoms and neuropathology associated with

experimental parkinsonism, whereas NOP receptor agonists proved

effective as antidyskinetic agents in animal models of LID (Arcuri

et al., 2018; Marti et al., 2012). However, small-molecule NOP

receptor agonists also produced strong hypolocomotion/sedation,

which partly masked their antidyskinetic effects (Arcuri et al., 2018).

Therefore, in view of the fact that RGS can modulate specific behav-

ioural outcomes of δ opioid and μ opioid receptor stimulation (Dripps

et al., 2017), we hypothesized that targeting RGS4 would improve

the antidyskinetic effects of NOP receptor agonists relative to their

hypolocomotive/sedative effects, which would widen their safety

window. In the present study, we investigated the interaction of

NOP with a specific subtype of RGS, namely, RGS4, and its

relevance for LID in vivo. RGS4 and NOP receptor are expressed in

brain areas relevant to LID, such as cortex, striatum and substantia

nigra (Ebert et al., 2006; Gold et al., 1997; Neal et al., 1999). More-

over, both RGS4 and NOP are expressed by medium-sized

GABAergic striatal neurons, which are the main neurobiological sub-

strate of LID (Ebert et al., 2006; Neal et al., 1999). RGS4 is involved

in LID development and expression, and blockade of RGS4 with

an antisense nucleotide improved dyskinesia in a rat model of LID

(Ko et al., 2014).

In this study, the functional interaction between RGS4 and NOP

receptor was investigated first in a cellular model (HEK293T cells)

artificially overexpressing both proteins, then in native tissues, that is,

rat primary striatal cultures and striatal slices of adult mouse. In

native tissues, the RGS4 selective experimental RGS4 chemical probe

CCG-203920 (Turner et al., 2012) was used to pharmacologically

What is already known

• RGS4 is a signal transduction protein that inactivates sig-

nalling at Gαi/o and Gαq-coupled GPCRs.

• RGS4 reduces signalling by μ and δ opioid receptors.

What does this study add

• RGS4 inhibits nociceptin/orphanin FQ opioid (NOP)

receptor-mediated responses in vitro while RGS4 block-

ade potentiates them.

• RGS4 blockade potentiates NOP agonist-mediated atten-

uation of levodopa-induced dyskinesia and its neuro-

chemical correlates.

What is the clinical significance

• RGS4 inhibitors could potentiate antidyskinetic activity

of NOP receptor agonists and widen their safety window.

928 PISANÒ ET AL.

 14765381, 2023, 7, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15730 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [12/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://onlinelibrary.wiley.com/doi/10.1111/bph.v180.7/issuetoc
https://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=OTHER&familyId=891#node891
https://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=GPCR&familyId=694#node694
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=50
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2811
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=319
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=317
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2817
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2819
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=318
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2802
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=320
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1681
https://www.guidetopharmacology.org/GRAC/DiseaseDisplayForward?diseaseId=732
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3639
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8034


inhibit RGS4 and potentiate NOP receptor responses. The ability of

CCG-203920 to potentiate the inhibitory effect of the potent and

selective small-molecule NOP receptor agonist AT-403 (Arcuri

et al., 2018) on LID and its biochemical correlates (i.e., pERK and

pGluR1 up-regulation) was then tested in vivo. The levels of RGS4

protein in the dyskinetic striatum, both OFF and ON L-Dopa, were

also measured.

2 | METHODS

Studies were designed to generate groups of equal size, using ran-

domization and blinded analysis to comply with the British Journal of

Pharmacology guidelines (Curtis et al., 2018). Experimental protocols

were conducted according to the Directive 2010/63/EU. Animal stud-

ies are reported in compliance with the ARRIVE guidelines (Percie du

Sert et al., 2020) and with the recommendations made by the British

Journal of Pharmacology (Lilley et al., 2020).

2.1 | Animal subjects

One hundred and ten male Sprague–Dawley rats (150 g; Charles

River Lab, Calco, Lecco, Italy; RGD Cat# 734476, RRID:RGD_734476)

were used in this study. Seven naïve rats were kept for Western blot

(WB) analysis of RGS4 levels (Figure 7) whereas 103 underwent

6-hydroxydopamine (6-OHDA) lesioning. Eighty-five 6-OHDA treated

rats passed the selection criteria (see below): 7 were used for WB

studies (Figures 5–7) and 78 underwent chronic treatment with

L-Dopa. At the end of L-Dopa treatment, we obtained 59 dyskinetic

rats (ALO AIM score ≥ 100), of which 35 were kept for WB studies

and 24 for behavioural analysis. Sixteen RGS4 knockout (RGS4�/�,

RRID:IMSR_JAX:005833) backcrossed on C57BL/6J and

16 C57BL/6J wild-type male mice (24–26 g, 10–12 weeks old; RRID:

IMSR_JAX:000664) were used for the analysis of RGS4 selectivity of

CCG-203920 and RGS4 antibody specificity (Figure S1). Specifically,

10 RGS4�/� mice and 10 C57BL/6J wild-type controls were used for

behavioural studies with CCG-203920, and other 6 RGS4�/� mice

and 6 C57BL/6J controls were used for WB analysis. C57BL/6J

RGS4�/� mice, originally developed by Dr S Heximer (University of

Toronto) (Cifelli et al., 2008), were provided by Dr RR Neubig and this

colony was raised at the University of Ferrara. Animals were housed

in a specific pathogen-free (SPF) standard facility (LARP) of the

University of Ferrara with free access to food (4RF21 standard diet;

Mucedola, Settimo Milanese, Milan, Italy) and water and kept under

regular lighting conditions (12-h dark/light cycle). Animals were

housed in groups with environmental enrichments. Adequate mea-

sures were taken to minimize animal pain and discomfort. Rats were

killed with an overdose of isoflurane or with isoflurane anaesthesia

followed by decapitation (WB studies), mice with isoflurane anaesthe-

sia followed by cervical dislocation. Experimental protocols were

approved by the Ethical Committee of the University of Ferrara and

the Italian Ministry of Health (Licences 714/2016-PR and 368/2018).

Ten time-mated pregnant female Sprague–Dawley rats were used to

generate primary cultures of the striatum. They were housed in the

Biological Service Unit, at University College Cork under regular

conditions of lights (12-h light/dark cycle) with ad libitum access to

food and water. On embryonic day (E) 14, embryos (106 in total)

were removed by laparotomy from killed dams and used to generated

primary cultures of the rat striatum as outlined below (Licence

AE19130/I304). Seven 12-week-old male C57BL6 mice were used

for ERK studies in slices in vitro. Mice were housed in a standard

facility at Cardiff University, under regular conditions of light (12-h

light/dark cycle), with food and water ad libitum.

2.2 | In vitro experiments

2.2.1 | Cell culture and transfection

HEK cells (HEK293T; ECACC Cat# 12022001, RRID:CVCL_0063)

were maintained in a humidified incubator at 37�C with 5% CO2 and

grown to 90%–95% confluence in DMEM supplemented with 10%

FBS, 100 U�ml�1 penicillin and 100 μg�ml�1 streptomycin. Cells were

transfected with the D1 dopamine (DA) receptor (1 ng per well), Gαs
(0.1 ng per well) and NOP (1 ng per well) using Lipofectamine 2000

according to the manufacturer's recommended protocol. All transfec-

tions were performed under serum-free conditions in Opti-MEM.

Transfections were allowed to proceed for 4–5 h before the media

were changed back to DMEM with 10% FBS. Experiments were run

24 h after transfection. For cAMP assays, cells were plated in 6-mm

dishes. DNA was kept constant at 6 μg and 6 μl of Lipofectamine

2000 per plate was used. Empty vector (pcDNA3.1+, RRID:

Addgene_10842) was used to adjust the total amount of DNA. The

lack of cAMP stimulation in control vector (pcDNA3.1+) transfected

cells and the robust change in cAMP levels in D1/NOP transfected

cells after treatment with specific ligands were used to establish the

success of transfection (Feng et al., 2017). This is possible because

HEK293T cells do not natively express D1 and NOP receptors.

2.2.2 | cAMP measurements in HEK293T cells

LANCE Ultra cAMP assays (Perkin Elmer; Waltham, MA, USA) were

performed in accordance with the manufacturer's instructions. Briefly,

the day before the assay, HEK293T cells were transfected as indi-

cated above. On the day of experiment, cells were dissociated from

dishes using Versene 1M. Then cells (2000 cells per well in 5 μl) were

transferred to a white 384-well microplate (Perkin Elmer) and incu-

bated with various concentrations of N/OFQ and SKF-38393

(D1 receptor agonist; final 40 nM; 5 μl per well) for 30 min at room

temperature. A cAMP standard curve was generated in triplicate

according to the manual. Finally, europium (Eu)-cAMP tracer (5 μl) and

ULight™-anti-cAMP (5 μl) were added to each well and incubated for

1 h at room temperature. The plate was read on a TR-FRET microplate

reader (Synergy NEO; Biotek, Winooski, VT, USA).
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2.2.3 | ERK measurement in vitro

Adult male C57BL/6J mice were decapitated after anaesthesia and

cervical dislocation, and brain slices were freshly prepared according

to the protocol previously described (Arcuri et al., 2018; Marti

et al., 2012). The brains were rapidly removed and put on a cool glass

plate filled with ice-cold sucrose-based dissecting solution

(87-mM NaCl, 2.5-mM KCl, 7-mM MgCl2, 1-mM NaH2PO4, 75-mM

sucrose, 25-mM NaHCO3, 10-mM D-glucose, 0.5-mM CaCl2, 2-mM

kynurenic acid), carbogenated (95% O2, 5% CO2) and subsequently

mounted on the vibratome stage (Vibratome, VT1000S-Leica Micro-

systems); 200-μm-thick slices were cut and transferred into a brain

slice chamber (Brain Slice Chamber-BSC1, Scientific System Design

Inc., Mississauga, ON, Canada) and allowed to recover for 1 h at 32�C,

with a constant perfusion of carbogenated artificial CSF (ACSF:

124-mM NaCl, 5-mM KCl, 1.3-mM MgSO4, 1.2-mM NaH2PO4,

25-mM NaHCO3, 10-mM D-glucose, 2.4-mM CaCl2). The D1 receptor

agonist SKF-38393 (100 μM) was applied for 10 min in the presence

of AT-403 (30 nM), CCG203920 (500 nM) or vehicle. After fixation in

4% paraformaldehyde (PFA) for 15 min at room temperature, slices

were rinsed three times in PBS and cryoprotected in 30% sucrose

solution overnight at 4�C. On the following day, slices were further

cut into 18-μm-thick slices using a cryostat (Leica CM1850) and

mounted onto SuperFrost Plus slides (Thermo Fisher Scientific).

Immunohistochemistry was performed as previously described

(Papale et al., 2016): 1 h after blocking in 5% normal goat serum and

0.1% Triton X-100 solution, slices were incubated overnight at 4�C

with anti-phospho-p44/42 MAPK (Thr202/Tyr204) (Cell Signaling

Technology Cat# 4370 RRID:AB_2315112, 1:1000). Sections were

then incubated with biotinylated goat anti-rabbit IgG (1:200, Vector

Laboratories, Cat# BA 1000 RRID:AB_2313606) for 2 h at room tem-

perature. Detection of the bound antibodies was carried out using a

standard peroxidase-based method (Vectastain Elite ABC kit Cat# PK-

7100, RRID:AB_2336827, Vector Laboratories), followed by a 3,30-

diamino-benzidine (DAB) and H2O2 solution. Images were acquired

from the striatum at 40� magnification using a brightfield microscope

(Leica Macro/Micro Imaging System), and the number of pERK posi-

tive cells in the striatum was counted in each slice.

2.2.4 | Primary striatal neuron cultures

Primary cultures of embryonic (E) day 14 rat ganglionic eminence

(hereafter referred to as striatum) (from the Biological Service Unit,

University College Cork) were dissected as previously described

(Schmidt et al., 2012). All scientific procedures were performed under

a licence in accordance with the European Communities Council

Directive (86/609/EEC) and approval by local Animal Experimentation

Ethics Committee. After dissection, the tissue was dissociated and

neurons were plated in poly-D-lysine coated 24-well plates (Sigma) in

DMEM:F12 media (Sigma) supplemented with 1% penicillin/

streptomycin (Sigma), 1% L-glutamine (Sigma), 2% B27 (Invitrogen)

and 1% FBS. Cells were maintained in culture for 7DIV.

2.2.5 | cAMP measurements in primary striatal
neurons

On Day 8 of culture, where indicated, cells were treated for 30 min

with SKF-38393 (100 μM), CCG-203920 (100 nM) and/or N/OFQ

(0.01–1 nM). Cultures were then fixed for 15 min in 4% PFA. Follow-

ing 3 � 5-min washes in 10-mM PBS-T (0.02% Triton X-100 in

10-mM PBS), cultures were incubated in 5% BSA in 10-mM PBS-T for

1 h at room temperature. Cultures were subsequently incubated in

the following primary antibodies: DARPP32 (R and D Systems Cat#

AF6259, RRID:AB_10641854; 1:500) and cAMP (R and D Systems

Cat# MAB2146, RRID:AB_495027; 1:500), diluted in 1% BSA in

10-mM PBS at 4�C overnight. Following 3 � 5-min washes in 10-mM

PBS-T, cells were incubated in 594-conjugated secondary antibodies

(Thermo Fisher Scientific Cat# A-11005, RRID:AB_2534073, 1:500) in

1% BSA prior to 3 � 5-min washes. Cells were imaged using an Olym-

pus IX71 inverted microscope. The fluorescence intensity of individual

cells was measured by densitometry using ImageJ analysis software

(ImageJ, RRID:SCR_003070).

2.3 | In vivo experiments

2.3.1 | Evaluation of RGS4 selectivity of CCG-
203920 in mice

As we previously reported (Blazer et al., 2015) that RGS4 inhibitors

reverse raclopride-induced akinesia in the bar and drag tests (Marti

et al., 2004; Viaro et al., 2008), the same tests were used to monitor

motor activity in five RGS4�/� mice and five wild-type controls

treated with 1 mg�kg�1 (i.p.) raclopride and, 30 min later, by

10 mg�kg�1 CCG-203920 or saline (i.p.). Prior to pharmacological test-

ing, mice were trained daily for a week on the behavioural tests until

their motor performance became reproducible. The bar (or catalepsy)

test measures the ability of the animal to respond to an externally

imposed static posture. Each mouse was placed gently on a table and

the right and left forepaws were placed alternately on blocks of

increasing heights (1.5, 3 and 6 cm). Total time spent on the blocks

(in seconds) by each paw was recorded (cut-off time 20 s per block,

60 s maximum) and pooled together. The drag test measures the num-

ber of steps made by the animal when gently lifted by the tail (allowing

the forepaws on the table) and dragged backward at a constant speed

(about 20 cm�s�1) for a fixed distance (100 cm). The number of steps

made by each forepaw was counted by two separate blinded

observers and average together.

2.3.2 | Experimental design

A cohort of 10 RGS4�/� mice was allotted in two groups (n = 5 each)

receiving raclopride followed by CCG-203920 or saline. Four days

later, treatments were crossed. The same protocol was adopted for

10 wild-type control mice.
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2.3.3 | Unilateral 6-OHDA lesion

The unilaterally 6-OHDA lesioned rat, the most popular and best validated

rodent model of PD and LID (Cenci & Crossman, 2018; Duty & Jen-

ner, 2011; Schwarting & Huston, 1996), was used. One-hundred three

naïve rats (150 g) were unilaterally injected under isoflurane anaesthesia

in the (right) medial forebrain bundle with 12 μg of 6-OHDA free base

(dissolved in 0.02% ascorbate-saline), according to the following stereo-

taxic coordinates from bregma and the dural surface (in mm): antero-

posterior (AP)�4.4, medio-lateral (ML) 1.2, dorso-ventral (DV)�7.8, tooth

bar at �2.4 mm (Paxinos & Watson, 1986), as previously described

(Arcuri et al., 2018; Marti et al., 2012; Pisanò et al., 2020). Animals were

pretreated with antibiotics (Synulox™, 50 μl�kg�1, i.p.), and the wound

was sutured and infiltrated with 2% lidocaine solution (Esteve™). Two

weeks later, rats were screened by assessing the motor asymmetry score

in two different ethological tests (the bar and drag tests) (Marti

et al., 2005). Rats showing immobility time > 20 s at the contralateral paw

in the bar test and <3 steps at the contralateral paw (or alternatively a

contralateral/ipsilateral paw ratio < 50%) were used in the study (Brugnoli

et al., 2020; Pisanò et al., 2020).

2.3.4 | L-Dopa treatment and abnormal involuntary
movement rating

Seventy-eight rats that successfully passed the threshold values in the

bar and drag tests were treated for 21 days with L-Dopa

(6 mg�kg�1 + benserazide 15 mg�kg�1, s.c., once daily) to induce abnor-

mal involuntary movements (AIMs), a correlate of LID (Cenci et al., 1998;

Cenci & Lundblad, 2007), as previously described (Brugnoli et al., 2020;

Marti et al., 2012; Paolone et al., 2015). Rats were observed for 1 min,

every 20 min, during the 3 h that followed L-Dopa injection or until dys-

kinetic movements ceased. Dyskinetic movements were classified based

on their topographical distribution into three subtypes: (i) axial AIM, that

is, twisted posture or turning of the neck and upper body towards the

side contralateral to the lesion; (ii) forelimb AIM, that is, jerky and dys-

tonic movements and/or purposeless grabbing of the forelimb contralat-

eral to the lesion; and (iii) orolingual AIM, that is, orofacial muscle

twitching, purposeless masticatory movements and contralateral tongue

protrusion. Each AIM subtype was rated on a frequency scale from 0 to

4 (1, occasional; 2, frequent; 3, continuous but interrupted by an external

distraction; 4, continuous and not interrupted by an external distraction).

In addition, the amplitude of these AIMs was measured on a scale from

0 to 4 based on a previously validated scale (Cenci & Lundblad, 2007).

Axial, limb and orolingual (ALO) AIMs total value was obtained as the

sum of the product between amplitude and frequency of each observa-

tion (Cenci & Lundblad, 2007), and fully dyskinetic rats scored ≥100.

2.3.5 | Experimental design

Twelve fully dyskinetic rats were randomized to L-Dopa

(6 mg�kg�1 + benserazide 15 mg�kg�1, s.c.) in combination with

AT-403 (0.03 mg�kg�1), CCG-203920 (10 mg�kg�1), AT-403 + CCG-

203920 or saline. Each animal was tested four times, with a 3-day

washout allowed between treatments. To evaluate whether the poten-

tial antidyskinetic effect was associated with an improvement of global

motor activity (Arcuri et al., 2018; Marti et al., 2012; Paolone et al., 2015),

a separate cohort of 12 rats was subjected to the same treatments as

above for the analysis of motor performance on the rotarod, both before

(OFF L-Dopa) and after L-Dopa administration (ON L-Dopa). In fact, a truly

antidyskinetic compound would alleviate LID and consequently improve

rotarod performance whereas a motor inhibiting or a sedative agent

would reduce AIMs along with motor performance. Rotarod performance

was assessed at 60 min after L-Dopa administration because the ALO

AIMs time course showed a peak 60–80 min after L-Dopa administration

(Arcuri et al., 2018; Marti et al., 2012; Paolone et al., 2015).

2.3.6 | WB analysis

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander

et al., 2018). Thirty-five dyskinetic rats were saved for this experi-

ment, but one rat was killed for reaching humane endpoints. Twenty-

seven rats were allotted in four groups and treated with L-Dopa alone

(6 mg�kg�1 + benserazide 15 mg�kg�1, s.c., n = 6), or L-Dopa com-

bined with CCG-203920 (10 mg�kg�1, i.p., n = 7), AT-403

(0.03 mg�kg�1, n = 7) or CCG-203920 + AT-403 (n = 7). In combina-

tion studies, CCG-203920 was administered first, followed 5 min later

by AT-403 and 10 min later by L-Dopa. WB analysis was carried out

as previously described (Arcuri et al., 2018; Paolone et al., 2015).

Thirty minutes after L-Dopa, rats were anaesthetized with isoflurane,

killed by decapitation and striata rapidly dissected and frozen in liquid

nitrogen and stored at �80�C until analysis. In the study where RGS4

levels were analysed, seven additional dyskinetic rats (receiving last

challenge of L-Dopa 24–48 h earlier) were also included (L-Dopa OFF

group). Tissues were homogenized in lysis buffer (SDS 1% buffer, pro-

tease inhibitor cocktail and phosphatase inhibitor cocktail) and cen-

trifuged at 18,000� g at 4�C for 15 min. Supernatants were collected,

and protein levels were quantified using the Pierce™ BCA protein

assay kit (Thermo Fisher Scientific, Cat# 23225). Samples were then

stored at �80�C until use. Thirty micrograms of protein per sample

were separated on a 4%–12% gradient polyacrylamide precast gels

(Bolt® 4%–12% Bis-TrisPlus Gels, Life Technologies) in a Bolt® Mini

Gel Tank apparatus (Life Technologies). Proteins were then trans-

ferred onto polyvinyldifluoride membrane, blocked for 60 min with

5% non-fat dry milk in 0.1% Tween20 Tris-buffered saline and incu-

bated overnight at 4�C with anti-Thr202/Tyr204-phosphorylated

ERK1/2 (pERK) rabbit monoclonal antibody (Merck Millipore, Cat#

05-797R, RRID:AB_1587016, 1:1000), anti-ERK1/2 (totERK) rabbit

polyclonal antibody (Merck Millipore Cat# 06-182, RRID:AB_310068,

1:5000), anti-phospho-Ser845 GluR1 (pGluR1) rabbit polyclonal anti-

body (PhosphoSolutions, Cat# p1160-845, RRID:AB_2492128,

1:1000), anti-glutamate receptor 1 (totGluR1) rabbit polyclonal anti-

body (Merck Millipore Cat# AB1504, RRID:AB_2113602, 1:1000),
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anti-TH rabbit monoclonal antibody (Merck Millipore, Cat# AB152,

RRID:AB_390204, 1:1000) and anti-α-tubulin rabbit monoclonal anti-

body (Merck Millipore, Cat# 04-1117, RRID:AB_11213819,

1:25,000). Membranes were washed and then incubated 1 h at room

temperature with HRP-linked secondary antibodies (Merck Millipore,

Cat# 12-348, RRID:AB_390191, 1:2000). Immunoreactivity was visu-

alized by enhanced chemiluminescence detection kit (Thermo Fisher

Scientific, Cat# 32209), and images were acquired using the

ChemiDoc MP System quantified using the Image Lab Software (Bio-

Rad). Membranes were then stripped and re-probed with rabbit

monoclonal anti-α-tubulin antibody (Merck Millipore, Cat# 04-1117,

1:50,000). Data were analysed by densitometry, and the OD of spe-

cific total ERK, total GluR1, RGS4 or TH bands was normalized to the

corresponding tubulin levels. OD of specific pERK and pGluR1 bands

was normalized on totERK and totGluR1 levels, respectively (Arcuri

et al., 2018; Paolone et al., 2015). An MW marker from Bio-Rad (Ca#

1610374) was used to identify the specific bands.

2.4 | Data and analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). Statistical analysis was

undertaken only for studies where each group size was at least n = 5

of independent values and statistical analysis was done on these

independent values. A n = 3 group size was adopted for studies on

CCG-203920 specificity for RGS4 versus RGS19 presented in

Figure S1. Group size was determined based on our previous studies

with the protocols adopted (Arcuri et al., 2018; Marti et al., 2012;

Paolone et al., 2015; Papale et al., 2016). All data were analysed using

GraphPad Prism 8.4.3 (GraphPad; LaJolla, CA, USA, RRID:

SCR_002798). cAMP data in Figures 1–3 were calculated as percent-

age of SKF-38393 stimulation. Concentration–response curves for

N/OFQ and AT-403 in cells co-transfected with NOP, NOP/RGS4

and NOP/RGS19 were fitted to non-linear least-square regression to

the log (inhibitor) versus response (three parameters) in GraphPad

Prism. Potency was expressed as pIC50 accompanied by 95% confi-

dence interval in parenthesis. pIC50 and Emax values in Figure 1 were

compared by the Student's t-test, two-tailed for unpaired data. pERK

data in striatal slices (Figure 3) were analysed using a three-way

ANOVA followed by the Bonferroni post hoc test. Immobility time

and number of steps (Figure 4) were expressed in absolute values

and analysed using two-way repeated measure (RM) ANOVA

followed by the Tukey test. Dyskinesia values (Figure 5a) were

expressed as ALO score (frequency � amplitude) and were treated

using two-way RM ANOVA followed by the Tukey test. Rotarod per-

formance (Figure 5b) was expressed as time on rod (in seconds) and

was analysed using the Student's t-test (two-tailed for unpaired data).

WB values in Figures 6 and 7 were analysed using the Student's

t-test, two-tailed for unpaired data, comparing the signal in the

lesioned versus unlesioned striatum. RGS4 protein levels (Figure 8)

were expressed as a ratio to tubulin as housekeeper in absolute

values (Figure 8a) or as percentage of unlesioned striatum

(Figure 8b). Data in Figure 8a were analysed using one-way ANOVA

followed by the Newman–Keuls test whereas data in Figure 8b,

which did not pass the normality test, with the Kruskal–Wallis test

for non-parametric ANOVA followed by the Dunn test. P val-

ues < 0.05 were considered statistically significant. When parametric

statistics was applied, the post hoc tests were conducted only if

F value from ANOVA reached P < 0.05 and there was no significant

variance inhomogeneity. Overall, two outliers (one in Figure 1 and

another in Figure 8) were excluded from data analysis and represen-

tation using the ROUT test implemented on the GraphPad Prism

software. Outliers were indicated in figure legends.

F IGURE 1 RGS4 and RGS19 reduced the NOP receptor agonist
ability to attenuate the accumulation of cAMP triggered by D1
receptor agonist in cells. HEK-293T cells were transfected with

plasmids for the D1 and NOP receptors, Gαs with or without RGS4
or RGS19 as described in Section 2. They were then stimulated
with the D1 receptor agonist SKF-38393 at 40 nM. Concentration–
response curves of the NOP receptor agonists N/OFQ (0.001 nM
to 1 μM) (a) and AT-403 (0.001 nM to 1 μM) (b). Data are mean
± SEM of n = 7 experiments per group (one outlier in the NOP
group of panel (b))
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2.5 | Materials

AT-403 (2-(1-(1-((1s,4s)-4-isopropylcyclohexyl)piperidin-4-yl)-

2-oxoindolin-3-yl)-N-methylacetamide) was synthesized by Dr NT

Zaveri at Astraea Therapeutics (Mountain View, CA, USA) (Arcuri

et al., 2018). CCG-203920 (4-(2-(methoxyethyl-)-2-ethyl-1,-

2,4-thiadiazolidine-3,5-dione) was synthesized by the Medicinal

Chemistry Core at Michigan State University (East Lansing, MI, USA).

L-Dopa methyl ester hydrochloride and benserazide hydrochloride

were purchased from Sigma-Aldrich (Milan, Italy). 6-OHDA hydro-

bromide and N/OFQ were purchased from Tocris Bioscience (Bristol,

UK). The drug doses or concentrations indicated in text refer to the

base form. U1079 antibody was a generous gift of Dr SM Mumby

(University of Texas Southwestern, Dallas, TX, USA). AT-403 was dis-

solved in 2% CH3COOH 1 M, and 4% DMSO water, L-Dopa,

benserazide and CCG-203920 were dissolved in saline and 6-OHDA

was dissolved in saline with 0.02% ascorbic acid. N/OFQ and

SKF-38393 were dissolved in water. LANCE Ultra cAMP assay was

purchased from Perkin Elmer (Waltham, MA, USA). The D1 receptor

(Cat# DRD0100000), Gαs (Cat# GNA0SL0000) and NOP (Cat#

OPRL100000) plasmids were all purchased from cDNA Resource

Center (Bloomsburg, PA, USA).

F IGURE 2 RGS4 reduced the NOP receptor
agonist ability to attenuate the accumulation of
cAMP triggered by D1 receptor agonist in
DARPP-32+ striatal primary neurons. DARPP-32
is a marker of MSNs. Neurons were treated with
the D1 receptor agonist SKF-38393 (100 μM) and
the NOP receptor agonist N/OFQ (0.01–1 nM), in
the presence or the absence of the experimental
RGS4 chemical probe CCG-203920 (100 nM).

(a) Primary effects of SKF-38393, CCG-203920
and their combination, with representative images
(upper panels). (b) Concentration–response curves
of N/OFQ in the presence or the absence of CCG-
203920. Data are mean ± SEM of n = 8–10
experiments per group, namely, N/OFQ 0.001 nM
n = 9, N/OFQ 0.003 nM n = 8, N/OFQ 0.01 nM
n = 10, N/OFQ 0.03 nM n = 10 (without CCG-
203920) and n = 8 (with CCG-203920), N/OFQ
0.1 nM (n = 9). *P < 0.05, different from CCG-
203920 (one-way ANOVA followed by the
Bonferroni post hoc test)

F IGURE 3 CCG-203920 potentiated the AT-403-driven
inhibition of D1 receptor-stimulated ERK signalling in striatum.
Number of ERK-positive cells in striatal slices of naïve mice following
application of the D1 receptor agonist SKF-38393 (100 μM), the NOP

receptor agonist AT-403 (30 nM) and the experimental RGS4
chemical probe CCG203920 (50 nM) alone and in combination. Data
are mean ± SEM of n = 7 mice per group. *P < 0.05, different from
unstimulated vehicle; �P < 0.05, different from SKF-38393 alone;
#P < 0.05 different from AT-403 alone. §P < 0.05, different from AT-
403 + SKF-38393. Three-way ANOVA followed by the Bonferroni
post hoc test
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2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/22: Introduction and Other Protein Targets (Alexander, Kelly,

et al., 2021) and Concise Guide to PHARMACOLOGY 2021/22: G

protein-coupled receptors (Alexander, Christopoulos, et al., 2021).

3 | RESULTS

3.1 | In vitro experiments

3.1.1 | RGS4 negatively modulates NOP receptor-
driven inhibition of D1-stimulated cAMP production in
HEK293T cells

The crosstalk between NOP and RGS4 was first investigated in

HEK273 cells by measuring the inhibition of cAMP production stimu-

lated by D1 receptor agonist SKF-38393 (40 nM) as a biochemical

readout (Figure 1). The NOP receptor endogenous ligand, N/OFQ,

and the small-molecule NOP agonist, AT-403, were tested in cells

transfected with the NOP receptor alone or with RGS4. In NOP-

transfected cells (Figure 1), N/OFQ inhibited cAMP production in a

concentration-dependent manner. N/OFQ showed a pIC50 of 9.43

(10.15–8.70) and a maximal inhibition of cAMP production (Emax) of

61%. Co-transfection of RGS4 with the NOP receptor caused a right-

ward shift of the concentration–response curve of N/OFQ (Figure 1a)

with a significant reduction of pIC50 to 8.66 (9.62–7.69) (df = 12,

t = 3.56) and a non-significant reduction of Emax to 45%. To investi-

gate whether the NOP receptor might be regulated by other RGS pro-

teins, the response of N/OFQ in the presence of RGS19 was assessed

(Figure 1a). In fact, RGS19 is structurally very similar to RGS4 and was

reported to interact with the NOP receptor (Xie et al., 2005). When

NOP receptor and RGS19 were co-transfected, the N/OFQ curve was

shifted to the right (Figure 1), with a significant reduction of N/OFQ

potency (pIC50 8.71, 9.88–7.55) (df = 12, t = 3.093) and a non-

significant reduction of N/OFQ Emax to 39%.

Whether RGS4 and RGS19 also modulate the effect of AT-403

was next investigated. AT-403 (Figure 1b) inhibited the D1-stimulated

cAMP production in a concentration-dependent manner, showing

slightly higher potency (pIC50 = 9.92, 10.78–9.06) and efficacy (75%)

than N/OFQ. RGS4 co-transfection caused a rightward shift of the

AT-403 curve (Figure 1b), with a significant reduction of potency

(pIC50 = 9.22, 9.77–8.66) (df = 11, t = 2.71) and efficacy (50%,

df = 11, t = 3.79). Co-transfection of RGS19 also shifted to the right

of the AT-403 curve (Figure 1b), leading to a significant reduction

(df = 11, t = 4.10) of AT-403 potency (pIC50 = 8.93, 9.92–7.93) and

efficacy (44%, df = 11, t = 3.24).

3.1.2 | CCG-203920 potentiated the NOP
response in rat primary striatal neurons

To investigate the occurrence of a RGS4–NOP receptor interaction in

native tissues, the impact of pharmacological inhibition of RGS4 on

NOP responses was investigated using the experimental RGS4 chemi-

cal probe CCG-203920 in individual medium-sized spiny neurons

(MSNs) in primary cultures of the E14 rat striatum (Figure 2).

F IGURE 4 CCG-203920 reversed raclopride-induced akinesia in wild-type (WT) but not in RGS4�/� mice. Immobility time in the bar test
(in seconds) (a) and number of steps in the drag test (b) were monitored before (baseline, time 0) and after the administration of 1 mg�kg�1 of the
D2 receptor antagonist raclopride (i.p.), followed 30 min later by the experimental RGS4 chemical probe CCG-203920 10 mg�kg�1 or saline (i.p.).
Arrows indicate the time of drug administration. Data are mean ± SEM of n = 10 determinations per group, obtained from 10 WT and
10 RGS4�/� mice treated under a crossover design. *P < 0.05, different from baseline; �P < 0.05, different from raclopride in WT mice (two-way
RM ANOVA followed by the Tukey post hoc test)
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CCG-203920 was chosen as the most selective agent for RGS4 versus

RGS19, which is also able to modulate NOP effects in HEK-293 cells.

Like its close derivative CCG-203769 (compound 11b, while

CCG-203920 is compound 13 in Turner et al., 2012), CCG-203920

acts most potently on RGS4 of all RGS proteins tested. Indeed, a pre-

liminary analysis revealed that CCG-203920 is nearly 100-fold

selective for RGS4 versus RGS19 (Figure S1) whereas CCG-203769 is

8-fold selective for RGS4 versus RGS19 (Blazer et al., 2015). Individ-

ual MSNs were identified using immunocytochemistry for DARPP-32,

which is a well-known marker of MSNs (Ouimet et al., 1984), and

were co-stained for cAMP. cAMP accumulation was then measured in

DARPP32+ neurons stimulated with the D1 receptor agonist SKF-

38393 (100 μM) combined with increasing concentrations of N/OFQ,

in the presence or the absence of CCG-203920 (100 nM). SKF-38393

caused an 83% increase of cAMP levels that was not significantly

affected by CCG-203920 (Figure 2a). N/OFQ inhibited the stimula-

tion induced by SKF-38393 in a concentration-dependent manner

with a pIC50 of 10.81 (11.36–10.26) and a 70% maximal inhibition of

cAMP levels (Figure 2b). CCG-203920 caused a leftward shift of

N/OFQ pIC50 to 11.55 (12.43–10.67), without changing N/OFQ effi-

cacy (Figure 2b).

3.1.3 | CCG-203920 potentiated NOP response in
mouse striatal slices

Relying on the well-established NOP receptor inhibitory activity on

D1 signalling (Olianas et al., 2008), we next investigated whether

RGS4 could affect the AT-403-mediated inhibition of the SKF-

38393-induced ERK-positive cell number in slices of mouse striatum

(Figure 3). Application of the D1 receptor agonist SKF-38393

(100 μM) (Arcuri et al., 2018; Fasano et al., 2009; Marti et al., 2012)

to striatal slices of naïve mice caused an approximately fourfold

increase in the number of pERK immunoreactive cells over basal

(three-way ANOVA, F1,42 = 213.909; Figure 3). AT-403 alone

(30 nM) had no effect on basal pERK levels but reduced D1 receptor-

mediated response by 56% (three-way ANOVA, F1,42 = 102.746).

CCG-203920, which was ineffective alone, significantly potentiated

the effects of AT-403 (three-way ANOVA, F1,42 = 9.222). In fact,

when co-applied with CCG-203920, AT-403 fully inhibited D1

stimulation.

3.2 | In vivo experiments

3.2.1 | CCG-203920 targets RGS4 in vivo

To confirm the RGS4 selectivity of CCG-20920 in vivo, the

neuroleptic-induced akinesia/catalepsy model was used because we

previously reported that the RGS4 inhibitor CCG-203769 reversed

raclopride-induced akinesia in mice (Blazer et al., 2015). RGS4�/�

mice were slightly hypokinetic at baseline, showing >2-fold greater

immobility time in the bar test (14.45 ± 1.40 s, n = 20) and 40%

reduced stepping activity in the drag test (6.59 ± 0.56 steps, n = 20)

compared with controls (5.7 ± 0.48 s and 10.08 ± 0.45 steps, respec-

tively; n = 20 each). Two-way ANOVA revealed that raclopride cau-

sed a prolonged and marked increase of the immobility time (time

F3,108 = 117.3, P < 0.05 treatment F3,36 = 11.34, P < 0.05,

time � treatment interaction F9,108 = 6.35, P < 0.05) and a reduction

of stepping activity (time F3,95 = 67.50, P < 0.05; treatment

F3,36 = 18.95, P < 0.05, time � treatment interaction F9,108 = 4.09,

P < 0.05) in both wild-type and RGS4�/� mice (Figure 4).

F IGURE 5 CCG-203920 extended the antidyskinetic effect of
AT-403 without worsening motor performance on the rotarod.
(a) ALO AIMs were scored in 6-OHDA hemilesioned dyskinetic rats

following challenge with L-Dopa (6 mg�kg�1 plus benserazide
15 mg�kg�1, s.c.) combined with vehicle, the NOP receptor agonist
AT-403 (0.03 mg�kg�1, s.c.) or the experimental RGS4 chemical probe
CCG-203920 (10 mg�kg�1, i.p.) (a). Values are mean ± SEM of 13 rats
per group. *P < 0.05, different from L-Dopa; #P < 0.05, different from
L-Dopa + CCG-203920; �P < 0.05, different from L-Dopa + AT-403.
Two-way repeated measure ANOVA followed by the Tukey post hoc
test. (b) Rotarod performance was evaluated as time on rod in
seconds, before (OFF) and 60 min after (ON) L-Dopa (6 mg�kg�1 plus
benserazide 15 mg�kg�1, s.c.) combined with vehicle, AT-403
(0.03 mg�kg�1, s.c.) or CCG-203920 (10 mg�kg�1, i.p.). Values are
mean ± SEM of 11 rats per group. *P < 0.05, different from OFF
L-Dopa (Student's t-test, two-tailed for unpaired data)
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CCG-203920 administration significantly reversed raclopride-induced

hypokinesia in wild-type animals but was ineffective in RGS4�/� mice,

suggesting RGS4 targeting at this dose.

3.2.2 | CCG-203920 extended the antidyskinetic
effect of AT-403

In a previous study, we described the dose-dependent antidyskinetic

effect of AT-403 in the 6-OHDA rat model of LID in vivo (Arcuri

et al., 2018). At the highest dose, tested AT-403 (0.1 mg�kg�1) exerted

strong sedative effects that overlapped the antidyskinetic effect.

Conversely, at the dose of 0.03 mg�kg�1, AT-403 exerted a mild and

transient antidyskinetic effect in the absence of sedation. Here, in the

same model, to improve the antidyskinetic effect of this AT-403 dose,

we challenged AT-403 (0.03 mg�kg�1, s.c.) with L-Dopa

(6 mg�kg�1 + benserazide 15 mg�kg�1, s.c.) in the presence and in the

absence of CCG-203920 10 mg�kg�1 (Figure 5a). AT-403 alone

delayed the onset of AIMs by 40 min, without affecting the overall

duration and severity of the response. Co-administration of CCG-

203920 caused a further 20-min delay in AIM appearance, without

significantly affecting the overall response to AT-403 (Figure 5a),

suggesting that RGS4 blockade potentiates NOP agonist-induced

antidyskinetic effects (significant effect of time F8,432 = 37.00, treat-

ment F3,432 = 6.86 and time � treatment interaction F24,432 = 43.06).

3.2.3 | CCG-203920 did not affect the
improvement of rotarod performance ON L-Dopa
induced by AT-403

To investigate whether CCG-203920 increased the sedative effects

along with the antidyskinetic effect of AT-403, the rotarod perfor-

mance was monitored before (baseline, OFF L-Dopa) and after L-Dopa

administration in dyskinetic rats (Arcuri et al., 2018; Marti et al., 2012;

Paolone et al., 2015) (Figure 5b). As expected, the time spent on the

rod after L-Dopa administration was dramatically reduced compared

with baseline due to dyskinetic movement appearance (�76%;

df = 10, t = 4.075). When animals were pretreated with AT-403, the

rotarod performance ON L-Dopa improved and no significant reduc-

tion with respect to baseline condition was observed (Figure 5b).

CCG-203920 administration did not worsen the motor promoting

effect of AT-403, indicating that RGS4 blockade did not potentiate

AT-403-induced sedation.

F IGURE 6 AT-403 in combination with CCG-203920 inhibited L-Dopa-induced ERK phosphorylation in the striatum of dyskinetic rats.
Western blot representative images (upper panel) and quantification (lower panel) of pERK (a) and total ERK (b) in the lesioned and unlesioned
striata of 6-OHDA hemilesioned L-Dopa-naïve or dyskinetic rats. Dyskinetic rats were treated with the NOP receptor agonist AT-403
(0.03 mg�kg�1, s.c.) or vehicle and, 10 min later, challenged with L-Dopa (6 mg�kg�1, i.p.). The experimental RGS4 chemical probe CCG-203920
(10 mg�kg�1, i.p.) or vehicle were administered 5 min before AT-403. Values are mean ± SEM of six rats per group. *P < 0.05, different from
unlesioned striatum (Student's t-test, two-tailed for unpaired data)
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3.2.4 | CCG-203920 potentiated the AT-403
inhibition of ERK signalling in striatum

Aberrant D1 receptor transmission in direct pathway MSNs is associ-

ated with LID and leads to alterations in phosphorylating activity of

several downstream kinases, such as PKA and DARPP-32 (Bastide

et al., 2015). A direct consequence of the hyperactivity of DARPP-32

is the increased phosphorylation of ERK1/2, a well-accepted correlate

of LID in rodents (Pavon et al., 2006; Santini et al., 2007). In a previ-

ous study, we showed that AT-403 (0.1 mg�kg�1) was able to normal-

ize the L-Dopa-induced pERK levels in the 6-OHDA lesioned, DA-

depleted striatum (Arcuri et al., 2018). In the present study, we inves-

tigated whether a lower dose of AT-403 (0.03 mg�kg�1) alone or in

combination with CCG-203920 could normalize L-Dopa-induced

increase of pERK in the striatum of dyskinetic rats (Figure 6). As

expected, LID was associated with a significant increase of pERK

levels in the lesioned striatum relative to the unlesioned striatum

(+47%; t = 3.584, df = 12), which was unaffected by pretreatment

with AT-403 (+79%; t = 2.261, df = 10) or CCG-203920 (+117%;

significance just above the threshold value t = 1.947, df = 10,

P = 0.08; Figure 6a). However, when L-Dopa was combined with

CCG-203920 and AT-403, pERK levels did not rise in the lesioned

striatum (Figure 6a). Pharmacological treatments did not affect total

protein levels (Figure 6b), suggesting that the changes observed were

due to the activation of the pathway and not protein expression.

3.2.5 | AT-403 inhibited D1 receptor-stimulated
pGluR1 phosphorylation in striatum

The increase of pGluR1 levels is another biochemical correlate of LID

in rodents (Santini et al., 2007). GluR1 is a subunit of the glutamate

AMPA receptor, which is physiologically phosphorylated by PKA acti-

vated by DA via D1 receptors. We therefore investigated whether

CCG-203920 potentiates the ability of AT-403 (0.03 mg�kg�1) to

modulate pGluR1 levels. As expected, L-Dopa elevated pGluR1 levels

in the lesioned stratum (+52%; t = 2.272, df = 12; Figure 7a). How-

ever, in contrast to the effect on ERK, AT-403 alone was able to nor-

malize pGluR1 levels (Figure 7a), in line with the well-known

inhibitory influence of NOP receptors over canonical D1 signalling.

CCG-203920 did not alter the L-Dopa-induced increase (+52%;

t = 2.239, df = 10) or the AT-403-driven normalization of pGluR1

levels. Again, neither treatment affected total protein amounts

(Figure 7b).

3.2.6 | Striatal RGS4 levels were modulated by DA
depletion and L-Dopa treatment

To investigate whether RGS4 inhibition corrects a plastic adaptation

of RGS4 occurring as a consequence of DA depletion and/or L-Dopa

administration (Geurts et al., 2003; Ko et al., 2014), RGS4 levels

F IGURE 7 AT-403 inhibited the L-Dopa-stimulated pGluR1 phosphorylation in the striatum of dyskinetic rats. Western blot representative
images (upper panel) and quantification (lower panel) of pGluR1 (a) and total GluR1 (b) in the striatum of 6-OHDA hemilesioned, L-Dopa-naïve or
dyskinetic rats. Dyskinetic rats were treated with the NOP receptor agonist AT-403 (0.03 mg�kg�1, s.c.) or vehicle and, 10 min later, challenged
with L-Dopa (6 mg�kg�1, i.p.). The experimental RGS4 chemical probe CCG-203920 (10 mg�kg�1, i.p.) or vehicle were administered 5 min before
AT-403. Values are mean ± SEM of six rats per group. *P < 0.05, different from unlesioned striatum (Student's t-test, two-tailed for unpaired data)
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were measured by Western analysis in the striatum of naïve, L-Dopa

naïve 6-OHDA hemilesioned and dyskinetic rats (Figure 8). In dyski-

netic rats, RGS4 levels were measured both ON and OFF L-Dopa.

The specificity of the antibody used was first confirmed in RGS4�/�

mice (Figure S2). ANOVA revealed a strong effect of treatment

(F7,46 = 7.95). A marked decrease in RGS4 protein levels was found

in both the lesioned (�64%) and unlesioned (�51%) striata of

6-OHDA animals, when compared with respective naïve counter-

parts (Figure 8a). If RGS4 levels were expressed as lesioned-

to-unlesioned ratio, a significant reduction was detected in 6-OHDA

hemilesioned rats compared with naive rats (H3,20 = 13.73)

(Figure 8b). Chronic L-Dopa (OFF group) normalized the ratio. How-

ever, acute L-Dopa (ON group) reversed it, causing a 44% increase

of RGS4 levels in the lesioned striatum. This suggests that RGS4 is

rapidly up-regulated in the lesioned striatum of dyskinetic animals

following acute stimulation of aberrant D1 receptor signalling by

L-Dopa.

4 | DISCUSSION AND CONCLUSIONS

The present study provides strong evidence that RGS4 inhibits NOP

receptor responses in vitro. Moreover, this study demonstrates that

pharmacological inhibition of RGS4 potentiates the ability of a NOP

agonist to attenuate LID and its neurochemical correlates in vivo,

without worsening its sedative properties. These data point to a func-

tional RGS4–NOP receptor interaction and add to previous reports

that RGS4 fine-tunes opioid receptor signalling and behaviours

(Dripps et al., 2017; Han et al., 2010; Stratinaki et al., 2013; Xie

et al., 2005). In fact, RGS4 negatively regulated reward and physical

dependence induced by the MOP receptor preferential agonist mor-

phine but did not affect morphine-induced analgesia or tolerance

(Han et al., 2010). RGS4 also differentially modulated DOP

receptor-mediated behavioural outcomes in mice, because genetic

deletion of RGS4 as well as acute pharmacological inhibition of RGS4

with CCG-203769 increased SNC80-induced antinociception and

F IGURE 8 RGS4 levels were modulated by 6-OHDA and L-Dopa treatment. Western blot representative images (upper panel) and
quantification (lower panel) of RGS4 in the striatum of naïve, 6-OHDA hemilesioned L-Dopa naive or dyskinetic rats. In dyskinetic rats, RGS4
analysis was carried out both OFF and ON L-Dopa. RGS4 values were normalized to α-tubulin as housekeeper and expressed as absolute

values (a) or percentage of RGS4 in the lesioned relative to unlesioned striatum (b). TH levels normalized to α-tubulin are also shown (c).
Values are mean ± SEM of seven rats per group (n = 6 in the ON L-Dopa group due to animal loss; in panel (b), one outlier was removed
from the 6-OHDA group). *P < 0.05, different from naïve (a,b) or unlesioned striatum (c); #P < 0.05 different from 6-OHDA (b). One-way
ANOVA followed by the Newman–Keuls test (a), the Kruskal–Wallis test followed by the Dunn test (b). Student's t-test, two-tailed for
unpaired data (c)
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antihyperalgesia but did not affect the pro-convulsant action of this

DOP agonist (Dripps et al., 2017; Stratinaki et al., 2013).

The interaction between RGS4 and NOP receptor was originally

evaluated in COS-7 cells transfected with a dual-expression plasmid

containing RGS4 and each of the opioid receptor subtypes (Xie

et al., 2005). In that study, a single concentration of N/OFQ was

tested, which was poorly modulated by RGS4. In fact, RGS4 increased

by 28% N/OFQ GTPase activity but left unaffected N/OFQ inhibition

of forskolin-induced cAMP levels. In the present study in HEK293T

cells, RGS4 did not affect N/OFQ efficacy but significantly reduced its

potency. Moreover, it reduced both the efficacy and potency of the

potent and selective small-molecule agonist AT-403. In NOP-

transfected HEK293T cells, N/OFQ and AT-403 inhibited the

D1-stimulated cAMP production, a Gi/o protein-mediated intracellular

function (Feng et al., 2017) with similar potencies (9.43 and 9.92,

respectively). These values are consistent with those reported for

N/OFQ and AT-403 in the [35S]GTPγS and calcium mobilization

assays (Ferrari et al., 2017), confirming that AT-403 is a potent full

agonist at the NOP receptor. The rightward shift of N/OFQ and AT-

403 curves and the reduction of AT-403 efficacy in the presence of

RGS4 suggest that RGS4 negatively couples to Gi/o to inhibit NOP

receptor signalling. However, this effect is shared by another RGS

protein, RGS19, functionally very close to RGS4, which was reported

to negatively modulate NOP receptor signalling in vitro (Xie

et al., 2005). Interestingly, RGS19 reduced the efficacy of AT-403 but

showed only a trend for reduction of N/OFQ efficacy. Thus, RGS4

and RGS19 seem to modulate more efficiently the efficacy of AT-403

than of N/OFQ. This could be due to the different modes of interac-

tion and activation of the NOP receptor by the endogenous ligand

N/OFQ versus a small-molecule nonpeptidic ligand like AT-403.

The occurrence of a RGS4–NOP functional interaction was con-

firmed in native systems, that is, striatal primary neurons and striatal

slices, using an experimental RGS4 chemical probe to block the endog-

enous activity of RGS4. Primary striatal neurons express both RGS4

and NOP (Buzas et al., 1998; Runne et al., 2008) and the two function-

ally interact to modulate D1 receptor-evoked responses because the

highly RGS4-selective CCG-203920 increased N/OFQ potency in

inhibiting D1-stimulated cAMP levels. This interaction occurs in

DARRP32-positive, likely GABAergic, neurons, indicating that this

interaction is not an artefact of protein overexpression in HEK273

cells but is endogenously active and physiologically relevant. This

interaction occurs not only in developing tissues in rats but also in

adult mice. We previously demonstrated that N/OFQ and AT-403

inhibited the increase of ERK-positive striatal neurons (likely MSNs)

induced by D1 receptor agonist SKF-38393 in striatal slices (Arcuri

et al., 2018; Marti et al., 2012), a biochemical predictor of anti-

dyskinetic activity. In this model, we now show that CCG-203920

potentiates the effect of a submaximal dose of AT-403 without affect-

ing the D1 response alone. Consistently, CCG-203920 potentiated

the antidyskinetic effect of AT-403, significantly extending the delay

in AIM onset induced by AT-403. Because this effect was not accom-

panied by the worsening of the positive effect of AT-403 on rotarod

performance, it is likely due to a true potentiation of its antidyskinetic

properties. Because we show that the same dose of CCG-203920

reversed raclopride-induced akinesia in mice through selective interac-

tion with RGS4, we are confident that also the antidyskinetic effect of

CCG-20920 is mediated by RGS4 targeting. To confirm that the effect

of CCG-203920 is truly mediated by interference with the molecular

pathways underlying LID, CCG-203920 potentiated the inhibition of

ERK phosphorylation induced by AT-403. LID is characterized by

aberrant enhancement of Gα and Gβγ signalling pathways down-

stream of the D1 receptor, such as the cAMP/PKA and MAPK cas-

cades (Santini et al., 2007). Specifically, the increased activity along

the canonical and non-canonical D1 pathways leads to the phosphory-

lation of several downstream effectors in striatal direct pathway

MSNs, such as the GluR1 subunit of glutamate AMPA receptor and

ERK (Pavon et al., 2006; Santini et al., 2007). We previously reported

that a dose of AT-403 as high as 0.1 mg�kg�1 normalized pERK levels

and blunted LID (Arcuri et al., 2018). We now report that a threefold

lower dose, ineffective alone, normalized pERK levels when combined

with the experimental RGS4 chemical probe CCG-203920, confirming

that RGS4 blockade potentiates the ability of a NOP receptor agonist

to modulate MAPK pathway changes underlying LID. As far as pGluR1

levels are concerned, AT-403 alone fully inhibited the rise of pGluR1

associated with dyskinesia, which might have precluded further inhibi-

tion by CCG-203920. Overall, these data indicate that RGS4 blockade

improves the antidyskinetic effect induced by a NOP receptor agonist

and the underlying signalling pathways, without amplifying its sedative

effects. This suggests that as for δ opioid receptor agonists (Dripps

et al., 2017), RGS4 blockade might differentially impact NOP behav-

iours and perhaps widen the therapeutic window between sedation

and pharmacodynamic effects of potent NOP agonists like AT-403.

Interestingly, previous studies indicated the involvement of RGS4

in the pathogenesis of LID, showing that RGS4 blockade induced ther-

apeutic antidyskinetic effects (Ko et al., 2014; Shen et al., 2015). Spe-

cifically, chronic treatment with antisense oligonucleotides targeting

RGS4 reduced AIM development during L-Dopa priming in a rat model

of LID (Ko et al., 2014). Pharmacological blockade of RGS4 is

expected to affect GPCRs other than the NOP receptor, inducing off-

target effects in brain or neuronal populations not involved in LID. To

confirm that an RGS4 inhibitor would selectively target and correct a

pathological condition, we show that striatal RGS4 levels are

reduced after DA depletion and rapidly up-regulated after L-Dopa

administration and dyskinesia onset. This further supports the ratio-

nale for therapeutic application of RGS4 inhibitors in LID therapy. Our

data confirm previous evidence of reduction of RGS4 expression in

DA-depleted animals (Geurts et al., 2003; Ko et al., 2014). More spe-

cifically, they nicely complement an ex vivo study in 6-OHDA hemi-

lesioned dyskinetic rats (Ko et al., 2014), where RGS4 expression was

found to be reduced in the lesioned striatum after DA depletion and

increased following chronic L-Dopa treatment, the increase being

more marked at 1 h (i.e., ON L-Dopa) than at 24 h (i.e., OFF L-Dopa)

after L-Dopa administration. Surprisingly, however, our study also rev-

ealed a reduction in the unlesioned striatum, suggesting a powerful

influence of the cortico-basal ganglia-thalamo-cortical loop and/or

cross-striatal dopaminergic projections over RGS4 levels.
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In conclusion, we provide strong evidence of a NOP–RGS4 recep-

tor interaction in a cell line and in native tissues and its relevance for

the therapy of LID. CCG-203920 potentiated the antidyskinetic effect

of NOP agonists without worsening its primary sedative/

hypolocomotor properties, possibly preventing the effects resulting

from up-regulation of RGS4 induced by L-Dopa in striatum. RGS4

plays an important role in regulating striatal functions and plasticity

under parkinsonian conditions (Lerner & Kreitzer, 2012; Shen

et al., 2015). The present study confirms the role of RGS4 in LID (Ko

et al., 2014; Shen et al., 2015) and lends support to the therapeutic

potential of RGS4 inhibitors in the therapy of neuropsychiatric disor-

ders (Ahlers-Dannen et al., 2020).
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