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CVN424, a novel GPR6 inverse agonist for Parkinson’s disease 
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6-OHDA 6-Hydroxydopamine 

AIMS Abnormal involuntary movements 

CHO-K1 Chinese hamster ovary cells 

CVN424 (R)-1-(2-(4-(2,4-difluorophenoxy)piperidin-1-yl)-3-((tetrahydrofuran-3-

yl)amino)-7,8-dihydropyrido[3,4-b]pyrazin-6(5H)-yl)ethan-1-one 

DAT Dopamine transporter 

DBS Deep brain stimulation 

DMSO Dimethyl sulphoxide 
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DTT Dithiothreitol 

Ki Equilibrium dissociation constant 

LC/MS/MS liquid chromatography with tandem mass spectrometry  

LID L-DOPA induced dyskinesia 

MSN Medium spiny neuron 

NETSseq Nuclear Enriched Transcript Sort Sequencing  

OFA Open field arena 

PBS Phosphate buffered saline 

PD Parkinson's disease 

pKi Negative log of equilibrium constant 

RO Receptor occupancy 

RO50 50% of receptor occupancy 
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Abstract 

GPR6 is an orphan GPCR that has enriched expression in the striatopallidal, indirect 

pathway, medium spiny neurons of the striatum.  This pathway is greatly impacted 

by the loss of the nigro-striatal dopaminergic neurons in Parkinson’s disease and 

modulating this neurocircuitry can be therapeutically beneficial.  In this study we 

describe the in vitro and in vivo pharmacological characterization of CVN424, a 

highly potent and selective small molecule inverse agonist for GPR6 which is 

currently undergoing clinical evaluation.  CVN424 is brain penetrant and shows dose 

dependent receptor occupancy that attained brain RO50 at plasma concentrations of 

6.0 ng/ml and 7.4 ng/ml in mice and rats, respectively.  Oral administration of 

CVN424 dose dependently increases locomotor activity and reverses haloperidol-

induced catalepsy.  Furthermore, CVN424 restored mobility in bilateral 6-OHDA 

lesion model of Parkinson’s disease. The presence and localization of GPR6 in 

medium spiny neurons of striatum postmortem samples from both non-demented 

control and Parkinson’s disease patients was confirmed at the level of both RNA 

(using NETSseq) and protein.  This body of work demonstrates that CVN424 is a 

potent, orally active and brain penetrant GPR6 inverse agonist which is effective in 

pre-clinical models and is a potential therapeutic for improving motor function in 

patients with Parkinson’s disease. 
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Significance statement 

CVN424 represents a non-dopaminergic novel drug for potential use in patients with 

Parkinson’s disease. 
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Introduction 

Parkinson’s disease (PD) is currently the second-most common neurodegenerative 

disorder and has the fastest growth in incidence rate (Dorsey and Bloem, 2018).  

Loss of the dopamine-producing cells in the substantia nigra and resultant striatal 

dopamine signaling dysregulation is a neuropathological hallmark of PD that drives 

motor symptoms (Bellucci et al., 2016).  

The dopamine D1- and D2 receptor expressing medium spiny neurons (MSN) of the 

direct and indirect pathways, respectively, are morphologically indistinguishable but 

functionally distinct (Lenz and Lobo, 2013). They form two opposing circuits: the 

direct (striatonigral) pathway, which initiates motor activity and the indirect 

(striatopallidal) pathway, which suppresses or terminates motor activity (Freeze et 

al., 2013).  The progressive loss of the dopaminergic neurons of the substantia nigra 

pars compacta in PD results in a decline in striatal dopamine leading to neuronal 

hypoactivity in the direct pathway and hyperactivity in the indirect pathway (Kravitz et 

al., 2010). This imbalance in the output pathways of the striatum is thought to 

underlie the motor symptoms of PD, such as tremors and bradykinesia (Ryan et al., 

2018).  

Replacing this dopaminergic loss remains the mainstay of PD treatment with patients 

being typically treated with L-DOPA, the precursor of dopamine (Salat and Tolosa, 

2013). While patients initially experience some symptomatic benefit, a gradual loss 

of efficacy tends to limit its long term effectiveness and many patients develop 

troublesome adverse effects such as L-DOPA -induced dyskinesias (LID) (Brooks, 

2008; Chen, 2011; Hauser et al., 2018; You et al., 2018). Although other therapies, 

including dopamine receptor agonists have been developed, these agents tend to be 
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less effective and primarily useful early in the disease or as adjunctive L-DOPA 

therapy (de Bie et al., 2020; Poewe and Mahlknecht, 2020).  

Non-dopaminergic therapies for the motor symptoms of Parkinson’s disease may 

have the potential to delay or replace or reduce the dose of L-DOPA required to treat 

the disease and therefore, decrease the onset of significant dopamine-related side 

effects (Müller, 2017; Nutt and Bohnen, 2018).  

The indirect pathway projects into the globus pallidus, which in turn innervates the 

subthalamic nucleus. Over the past decade, it has been demonstrated that deep 

brain stimulation (DBS) of these output nuclei, particularly the subthalamic nucleus, 

provides significant, and often dramatic, motor improvement for PD patients 

(Whitmer et al., 2012; Mansouri et al., 2018). DBS is highly effective, but because of 

its invasive nature and associated risks, including mortality and high costs of 

neurosurgery, is reserved for a small subset of patients that meet strict criteria 

(Pollak, 2013). Nonetheless, the efficacy of DBS demonstrates that selectively 

targeting the indirect pathway may be sufficient to control motor symptoms of PD. 

Thus, a drug that pharmacologically suppresses activity in the indirect pathway, with 

minimal effect on the direct pathway, could attenuate the Parkinsonian motor 

symptoms without the troublesome adverse effects commonly elicited by non-

pathway selective drugs. 

GPR6 is a GPCR that is highly expressed in indirect pathway neurons relative to 

direct pathway neurons, and has little expression detected in other regions of the 

CNS or peripheral tissues (Lobo et al., 2007; Heiman et al., 2008). GPR6 is still 

classified as an orphan receptor, although some efficacy has been seen with 

potential endogenous ligands including endocannabinoids and sphingosine-1-

phosphate  (Uhlenbrock et al., 2002; Ignatov et al., 2003; Laun and Song, 2017; 
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Shrader and Song, 2020).  The receptor is Gs-coupled with high constitutive 

activity, which increases cAMP and thereby continuously activates the indirect 

striatopallidal pathways (Ignatov et al., 2003; Tanaka et al., 2007). Attenuation of 

GPR6 induced activity could, therefore, reduce the pathological hyperactivity seen 

within the indirect pathway in PD.   

Here we describe the development and pharmacological evaluation of a novel, 

potent and selective small molecule inverse GPR6 agonist, CVN424.  CVN424 

shows excellent cross species brain penetration and striatal GPR6 receptor 

occupancy.  In vivo, CVN424 attenuates haloperidol-induced catalepsy and 

locomotor behavior and reverses 6-hydroxydopamine (6-OHDA) lesion-induced 

locomotor deficits.  We also show the expression of GPR6 mRNA and protein 

present in both non-demented control and PD donor striatal postmortem human 

tissue. 
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Materials and Methods 

Compounds and reagents 

(R)-1-(2-(4-(2,4-difluorophenoxy)piperidin-1-yl)-3-((tetrahydrofuran-3-yl)amino)-7,8-

dihydropyrido[3,4-b]pyrazin-6(5H)-yl)ethan-1-one, CVN424, was synthesised by 

Takeda and RL-338 was synthesized by Envoy Therapeutics, Inc., FL.  (Figure 1).  

For binding studies, RL-338 was radiolabelled with three tritium atoms by Quotient 

Bioresearch (Cardiff, UK). For in vivo dosing CVN424 was formulated in 0.5% 

methylcellulose (Sigma Chemical Co, Poole, UK) except for the receptor occupancy 

and 6-OHDA study in which CVN424 was formulated in 20% Captisol® (CYDEX 

Pharmaceuticals Inc). Haloperidol (Sigma Chemical Co, Poole, UK) was prepared in 

saline.  All reagents were from Sigma unless otherwise stated. 

Cell Culture 

T-RExTM-CHO cells stably expressing human GPR6, GPR3 or GPR12 driven by a 

doxycycline-inducible promoter of the pcDNA™5/TO Vector, (Invitrogen, USA) were 

cultured in F12K medium (Gibco, Life Technologies), containing 10% tetracycline 

free fetal bovine serum FBS (HyClone, Fisher Scientific), 1% penicillin/streptomycin 

and 200 g/mL hygromycin B. Receptor expression was induced with the addition of 

2 g/ml doxycycline to cell culture medium for 12 hours. CHO-K1 cells (ATCC, USA) 

transiently transfected with mammalian expression plasmids for human, rat or mouse 

GPR6 were also grown in F12K medium containing 10% fetal bovine serum FBS, 

and 1% penicillin/streptomycin. 

In vitro characterization of CVN424 

Membrane binding 
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The binding characteristics of CVN424 were assessed using a competition 

radioligand binding assay with a filtration-based format developed featuring 

membranes prepared from T-RExTM-CHO-GPR6 cells.  The total concentration of 

protein in the membrane preparations was determined using the biochemical 

bicinchoninic acid assay (Thermo Fisher, USA). In vitro pharmacological profiling 

showed that RL-338 is a potent and highly selective GPR6 inverse agonist, inhibiting 

GPR6 cAMP signalling in TR-FRET assays with a EC50 = 16 nM and >100 fold 

selectivity against GPR3 and GPR12 (unpublished). 3H-RL-338 demonstrated high 

affinity for human GPR6 receptors stably expressed in T-RExTM-CHO cells (Kd =   2.4 

nM or 5 nM dependent on synthesized radioligand batch) in saturation binding 

assays. Similar Kd values were obtained for 3H-RL-338 binding to membranes from 

human, mouse and rat GPR6 transiently expressed in CHO-K1 cells: mouse Kd = 

5.7nM, rat Kd = 8.1 nM, human Kd = 7.3 nM.  

Mouse GPR6 expression plasmid in pCMV6 backbone was obtained from Origene 

(USA) reference number MC212312. Rat GPR6 cDNA was custom synthesized 

based on rat genome and inserted in expression vector pJX607. Plasmid for 

expression of human GPR6 was in pcDNA3.1 backbone obtained from Missouri S&T 

cDNA resource (GPR0060000). CHO-K1 cells were transient transfected with 

species specific GPR6 expression plasmids using Xtreme Gene 9 transfection 

reagent (Roche, USA) according to the manufacturer protocol. Membranes were 

prepared 48 hours after transfection. 

To determine CVN424 binding affinity to GPR6 containing membrane preparations, 

assay ready 96 well plates (Greiner, USA) containing serial dilutions of CVN424 

were prepared (1 µl/well) in DMSO to which assay buffer (50 mM Tris, pH 7.4, 50 

mM NaCl, 6 mM MgCl2, fatty acid free 0.1% bovine serum albumin, proteinase 
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inhibitor cocktail) was added (39 µL/well) and the plates mixed for 10 minutes on a 

plate shaker. Next, 40 µl per well of radioligand 3H-RL-338 (specific activity 85 

Ci/mmol) prepared in assay buffer was added (final assay concentration 5.0 nM).  

CVN424 concentrations tested ranged from 5 M (top concentration) to 0.06 nM 

(lowest concentration) with 1:5 dilution steps. Binding reactions were initiated by 

adding 40 µl of total membranes obtained from cells expressing human GPR6 

receptors.  Membranes were prepared in assay buffer and added at 15 µg/well, 

mixed and incubated for 2 hours at room temperature.  Reactions were filtered 

through filtermates (1450-421, Filtermate A, Perkin Elmer, USA) and washed 5 times 

with 50 mM Tris, pH 7.4, 50 mM NaCl, 6 mM MgCl2, fatty acid free 0.1% BSA using a 

Tomtec Harvester 96 instrument. Filters were dried in the microwave, scintillator 

sheet (1450-411, PerkinElmer, USA) melted onto them and heat-sealed before 

CPM/well were quantified in Microbeta Trilux instrument (Perkin Elmer, USA).  

Before use, filtermates were pre-soaked in 0.5% polyethylenimine solution for 3 

hours with gentle shaking, followed by air drying overnight. The same protocol was 

used for saturation binding assays to determine radioligand 3H-RL-338 affinity to 

GPR6. Different concentrations of radioligand RL-338 ranging from 32 nM (high 

concentration) to 0.015 nM (low concentration) with 1:2 dilution steps were tested to 

generate saturation curves and obtain the equilibrium dissociation constant Kd. Non-

specific background binding of 3H-RL-338 was determined using 10 M of an 

unlabeled structurally diverse potent and selective GPR6 inverse agonists (data not 

shown). IC50 and Kd values were calculated using non-linear regression analysis in 

Prism (GraphPad, USA). Saturation curves were fitted to the Prism equation: one 

site - fit total and non-specific binding without constrains. Dose response curves 

were fitted to the four-parameter variable slope model without constrains in Prism to 
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obtain IC50’s. Ki values were calculated using the Cheng-Prusoff equation (Cheng 

and Prusoff, 1973). CVN424 fully displaced 3H-RL-338 from GPR6 and displayed 

binding properties that were consistent with a single binding site. 

Functional activity assessment 

Functional activity of the inverse agonist CVN424 to reduce apparent constitutive 

activity across species was measured in a Perkin Elmer’s LANCE HTRF cAMP 

assay with CHO-K1 cells transiently transfected with the mammalian expression 

plasmids carrying mouse or rat GPR6 cDNAs. These constructs were transfected 

using Xtreme Gene 9 transfection reagent (Roche).  Briefly, 150,000 CHO-K1 cells 

were plated in 10 cm dishes and incubated overnight at 37°C with 5% CO2. The next 

day 30 µl of Xtreme Gene 9 was added to 1.5 ml Opti-MEM media (Life 

technologies) followed by adding 10 µg DNA and then incubated at room 

temperature for 25 minutes. Mixture was added to cells followed by 20-24 hours 

incubation at 37°C with 5% CO2. Cells were re-plated into 96-well black plates 

(Corning) and returned overnight to the incubator to allow the cells to adhere.   

Selectivity of CVN424 for human GPR6 in comparison to human GPR3 and GPR12 

was evaluated in functional HTRF cAMP assays with T-RExTM-CHO cells (Invitrogen, 

USA) stably expressing human GPR6, GPR3 or GPR12.  

To measure cAMP modulation cells were re-plated into 96-well black plates 

(Corning) and returned overnight to the incubator to allow the cells to adhere.  For 

stable GPR6, GPR3 or GPR12 cell lines, receptor expression was induced with the 

addition of 2 g/ml doxycycline to cell culture medium for 12 hours. A 10 mM stock 

solution of CVN424 was prepared in DMSO. Serial dilutions of CVN424 were 

prepared with Kreb’s Ringer buffer (plus 0.5% fatty acid free BSA and 300 M 
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IBMX), added to the plates (20 µl/well) and incubated for 45 minutes at 37°C. Final 

CVN424 concentrations tested ranged from 30 M (top concentration) to 0.5 nM 

(lowest concentration) with 1:3 dilution steps. Next, Eu-labeled cAMP tracer (10 µl) 

diluted in cAMP detection/lysis buffer with 10 µl ULight-anti-cAMP diluted in the 

same buffer was added to the cells. Plates were incubated for 60 minutes at room 

temperature and then TR-FRET measured on an EnVision plate reader (Perkin 

Elmer). CVN424 displayed full inverse agonism efficacy (Emax ~100%) at GPR6, 

GPR3 and GPR12, completely inhibiting observed apparent constitutive activity 

windows in the respective CHO-K1 based receptor expression systems. IC50 values 

were calculated by fitting data to the four-parameter variable slope model without 

constrains using non-linear regression analysis in Prism (GraphPad, USA).  

To determine the selectivity of CVN424 at 1 M and 10 M, a CEREP screen 

against 110 receptors, ion channels, transporters and enzymes was conducted at 

Eurofins (www.eurofinsdiscoveryservices.com) using their standard assay protocols. 

Animals 

Mice and rats were housed in accordance with institutional standards.  They were 

maintained on a 12-hour light dark cycle and had access ab libitum to food and 

water.  Experiments performed in Europe were conducted in accordance with the 

European Communities directive 2010/63/EU.  Experiments conducted in the United 

States were in accordance with the Guide for the Care and Use of Laboratory 

Animals (National Research Council, 2011).  Animal research in India was performed 

according to the guidance from the Committee for the Purpose of Control and 

Supervision of Experiments on Animals (CPCSEA). All experiments were in 

accordance with and approved by the Institutions’ Animal Care and Use Committees.  
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Male rodents were used across the behavior and receptor occupancy studies. 

Female rats were used for the 6-OHDA model as there is extensive prior validation 

with female rats due to their reduced sensitive to stress which can significantly 

decrease activity in male rats (Faraday, 2002).  Cross sex DMPK evaluation was 

conducted to ensure parity of compound exposure in these studies (data not shown). 

Receptor occupancy   

Dose dependent receptor occupancy (RO) by CVN424 on striatal GPR6 was 

determined using a label-free in vivo LC/MS/MS based RO method in male mice and 

rats (n=4/dose/species), using RL-338 (vehicle: 10% DMSO, 0.5% Tween 80, 89.5% 

PBS) as a tracer.   

Male C57BL/6J mice (30 ± 10 g, Suven, India) or Sprague-Dawley rats (250 ± 50 g, 

Vivo Biotech Ltd, Hyderabad, India) (n=4/dose/species) were first administered 

vehicle or CVN424 at 1.0, 3.0, 5.0, 10, and 30 mg/kg; p.o.). At 60 minutes post dose, 

animals were administered the non-tritiated form of RL-338 at 100 μg/kg (mice) or 30 

μg/kg (rats) i.v.  After 30 (mice) or 45 minutes (rats) post-RL-338 dose, animals were 

euthanized, and trunk blood was collected into tubes containing sodium heparin. 

Plasma was separated by centrifugation (1900 g, 4o C for 10 minutes). Brains were 

removed, frozen on dry ice and stored below -50oC until being processed further for 

RL-338 extraction. 

Brain and plasma samples from all animals were analyzed for CVN424 levels by 

liquid chromatography with tandem mass spectrometry (LC/MS/MS) (API4000 MDS, 

SciEx).  Briefly, samples were thawed on ice. Acetonitrile was added to each sample 

at a volume (μl) of four times the weight (mg) of tissue. Samples were homogenized 

(7-8 watts power using sonic probe dismembrator; Fisher Scientific), centrifuged for 
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10 minutes at 12000 g and the supernatant solution was subjected for quantification 

of RL-338 using LC-MS/MS. 

For plasma samples for each 50 μl of sample, 200 μl of acetonitrile containing 0.1% 

formic acid was added. Samples were vortex mixed followed by centrifugation at 

21000 g for 20 minutes; the supernatant solutions were assayed for quantification of 

CVN424 using LC/MS/MS.  

GPR6 receptor occupancy of CVN424 was calculated based on the ratio method: % 

receptor occupancy = 100*{1-[ratiot-1]/(ratiov)]}. Ratiot = ratio of RL-338 

concentrations measured in striata (GPR6 specific brain region) to RL-338 

concentrations measured in cerebellum (brain region without detectable GPR6 

expression) in individual animals pretreated with CVN424. Ratiov = average ratio of 

RL-338 concentrations measured in striata to RL-338 concentrations measured in 

cerebellum for the vehicle pretreated group. Plasma RO50 values were calculated in 

Prism (GraphPad, USA) by fitting % RO values and correlating plasma exposures of 

CVN424 (ng/ml) to the four-parameter variable slope model in non-linear regression 

analysis. 

Behavioral Studies 

Locomotor activity was measured in an open field arena (OFA) (Med-Associates). 

Male C57BL/6J mice (11-12 weeks, Jackson Laboratories, ME, USA) were 

acclimatized to the equipment for 1 hour before being administered CVN424 (0.1, 

0.3, 1, or 3 mg/kg; p.o.; n=12-15) or vehicle (0.5% methylcellulose). Immediately 

after dosing, the mice were placed back into their respective chambers and the 

distance travelled in the arena was measured for 1 hour. Locomotor activity was 

quantified as the disruptions in three 16 infrared photo beam arrays that 
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circumscribed each enclosure.  Immediately after the behavior experiment plasma 

samples were taken from each animal.  The total plasma EC50 to modulate locomotor 

activity were calculated in Prism (GraphPad, USA) by fitting total distance travelled 

values and correlating plasma exposures of CVN424 (ng/ml) to the four-parameter 

variable slope model in non-linear regression analysis. 

For haloperidol-induced catalepsy experiments, male C57BL/6J mice (11-12 weeks, 

Jackson Laboratories, ME, USA) were acclimated to the procedure room for 1-2 

hours. During this period mice carried out training/acclimatisation to the bar test 

(Med Associates, MED-PCIV) by placing them in the bar test chambers for 2 

minutes, followed by 4-5 practice bar test runs. 

Following acclimatisation, mice were dosed orally with CVN424 (0.1 (n=11), 0.3 

(n=9), 1 (n=9), or 3 mg/kg (n=11); p.o.) or vehicle (0.5% methylcellulose; p.o.; n=8). 

Immediately following oral dosing, haloperidol (0.45 mg/kg, intraperitoneally, i.p.) 

was administered to all mice, except for a separate saline (i.p) control group (n=6). 

Thirty minutes post treatment, animals were tested for catalepsy for 2 minutes by 

placing their forepaws on a 5 cm-high bar and the time spent immobile in that 

position was measured using an automated scoring instrumentation.  

On completion of behavioral testing (locomotor activity and catalepsy) mice were 

culled, brains removed, and terminal blood samples collected into tubes containing 

K2EDTA. The plasma was separated by centrifugation and the brains removed onto 

ice, and homogenized. Plasma and brain homogenate samples were extracted using 

a protein precipitation extraction method and LC/MS/MS was performed on an MDS 

Sciex API5500™ mass spectrometer (AB SCIEX,Concord, Ontario, Canada) 

equipped with a Shimadzu liquid chromatography System and a LEAP autosampler. 
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A reverse-phase gradient method running at a flow rate of 0.6 mL/min on a 

Phenomenex Kinetex® C18 5.0 100A column (2.1 mm ID × 50 mm) (Phenomenex, 

Inc., Torrance, CA, USA) was used for analyte separation.  

The mobile phases used were water (A) and acetonitrile (ACN) (B), and both were 

supplemented with formic acid (0.04%, volume-to-volume ratio [v:v]). The gradient 

program used the following liquid chromatography parameters for mobile phase B: 

10 (%v/v) during period 0.2-1.5 minutes, 95 (%v/v) during period 1.5 to 1.9 minutes 

and 10 (%v/v) during period 1.9 to 2.5 minutes. 

CVN424 was ionized under a positive ion spray mode and detected through the 

multiple-reaction monitoring of a mass transition pair at a mass-to-charge ratio (m/z) 

of 474.241/289.200. Calibration curves of CVN424 were established using 

standards, and the peak area ratios of the analyte against an internal standard used 

to quantify samples. 

 
6-OHDA Lesion Model  

Prior to surgery, locomotor activity of twenty female SD rats (269-300 g, Charles 

River) was assessed in the open field arena (OFA) for 3 hours (pre-lesion) to 

determine baseline activity.  

On the day of surgery but thirty minutes prior to surgery, the rats were administered 

pargyline (5 mg/kg; i.p.) and desipramine (10 mg/kg; i.p.) to optimise subsequent 6-

OHDA availability, and to increase specificity for toxicity to dopaminergic neurons. 

Under anaesthesia with isofluorane, rats were placed in a Kopf small animal 

stereotaxic apparatus and 6-OHDA (20 μg in 3 μl; 0.5 μl/min) injected into the 

striatum at co-ordinates AP: ML: DV, 1, ±3, -5 mm relative to bregma (Paxinos and 
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Watson, 2007). Animals were allowed to recover from the surgery for 28 days before 

behavioral testing. 

To determine the success of the lesion, locomotor activity of all animals was 

assessed in the OFA (Linton Instrumentation, U.K.) for 3 hours to determine the 

post-lesion behavioral deficit compared to the pre-surgery recording. 

On the day of compound testing, animals were placed in the OFA for 30 minutes for 

habituation, then were administered vehicle (p.o.; n=6) or CVN424 at 5 mg/kg or 10 

mg/kg (p.o.; n=7/group) and returned to the OFA for 2 hours recording of locomotor 

activity.  

Immediately after the completion of the behavioral assessment, DAT binding was 

performed to determine extent of lesion. Animals received an overdose of 

pentobarbital (i.p.) and were transcardially perfused with ice-cold 0.9% saline 

containing 0.2% heparin. Brains were removed and immediately frozen.  

The levels of striatal DAT were assessed by [125I]-RTI-121 binding autoradiography 

in cryostat cut 20 μm sections. Thawed slides were placed in PBS for 30 minutes at 

RT. Sections were incubated in PBS containing 10 pM [125I]-RTI-121 (Perkin-Elmer, 

specific activity 2200 Ci/μmol) for 90 minutes at RT. Slides were washed (2 x 20 

minutes) in PBS at 4oC, rinsed in ice-cold distilled water and air-dried. Densitometric 

analysis of autoradiograms of 3 striatal sections per animal were analysed using 

MCID software (Image Research Inc, Ontario, Canada) and compared to brains from 

non-lesioned rats.  

Statistical analyses  

For behavioral analysis in the 6-OHDA locomotor activity, the haloperidol catalepsy 

models and locomotor activity studies, data were analysed with a One-way ANOVA 
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with Dunnett’s post hoc using InVivoStat (v.3.4) comparing CVN424 dosed groups to 

vehicle. 

For the 6-OHDA model data from the DAT binding and pre to post-lesion 

comparisons, statistical analyses were performed using an unpaired t-test 

(Graphpad Prism v.6.03).  

Human tissue experiments 

Human tissue samples were obtained from the Miami Brain Bank (University of 

Miami).  All human tissues used in this study were collected from donors for whom a 

full written consent was obtained for use of material and clinical information in 

accordance with the Declaration of Helsinki.  Data and material were managed in 

compliance with the UK Human Tissue Act. Clinical records confirmed donors with 

Parkinson’s disease were diagnosed during life (n=5 (3 female and 2 male)).  Control 

donors (n=9 (5 male and 4 female)) had not been diagnosed with a CNS-related 

disorder and died from a non-CNS related cause.  The average age of the PD 

donors was 70.4 years with a post-mortem delay of 13.3 hours. The average age for 

the control donors was 63.4 years with a post-mortem delay of 12.6 hours.  All 

donors were Caucasian. 

NETSseq 

Protocol for nuclei isolation, from tissue samples are essentially as described in 

Kriaucionis and Heintz, 2009 and Xu et al., 2018).  Briefly,  human putamen samples 

were homogenised in medium (0.25 M sucrose, 150 mM KCl, 5 mM MgCl2, 20 mM 

Tricine  pH 7.8, 0.15 mM spermine, 0.5 mM spermidine, 1 mM dithiothreitol (DTT), 

20 U/ml Superase-In RNase inhibitor, 40 U/ml RNasin ribonuclease inhibitor, mini 

EDTA-free protease inhibitor cocktail) that was supplemented with 50% iodixanol 
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solution (50% Iodixanol/Optiprep, 150 mM KCl, 5 mM MgCl2, 20 mM Tricine pH 7.8, 

0.15 mM spermine, 0.5 mM spermidine, mini EDTA-free protease inhibitor cocktail, 

1mM DTT, 20 U/mL Superase-In RNase inhibitor, 40 U/ml RNasin ribonuclease 

inhibitor) post homogenisation, and laid on a 27% iodixanol cushion.  Nuclei were 

pelleted by centrifugation 25 minutes, 10,000 g at 4°C (Eppendorf 5427 R centrifuge, 

FA-45-12-17 rotor). 

After nuclei isolation, re-suspended nuclei were fixed with 1% formaldehyde for 8 

minutes at room temperature, and then quenched with 0.125 M glycine for 5 

minutes. Nuclei were pelleted at 1000g, 4 minutes, 4°C, and then washed once with 

homogenisation medium and once with Wash Buffer (PBS, 0.05% TritonX-100, 50 

ng/mL bovine serum albumin, 1 mM DTT, 10 U/µl Superase-In RNase Inhibitor). 

Nuclei were resuspended in 100 µl PrimeFlow RNA Wash Buffer (Invitrogen, 00-

19180) and labelled with PrimeFlow Target Probes (Invitrogen) 

(DARPP32/PPP1R1B (Alexa Fluor A647), DRD1 (Dopamine D1 receptor) (Alexa 

Fluor A568) and DRD2 (Dopamine D2 receptor) (Alexa Fluor A488); Samples were 

centrifuged at 1,000 g for 3 minutes for 21oC. 

Prior to flow cytometry, nuclei were co-stained with DAPI to 0.01 mg/mL final 

concentration. Nuclei were analysed and sorted using BD FACSAria fusion (BD 

Biosciences, San Jose, CA, USA) flow cytometer using the 355 nm, 488 nm, 561 

nm, and 640 nm lasers. All samples were first gated using forward and side scatter 

gates to exclude debris, followed by a single nuclei DAPI gate to exclude aggregated 

nuclei. Analysis was performed using FACSDiva (BD) or FlowJo software. To reduce 

RNA degradation all nuclei samples were sorted at 4°C and stored at -80°C, before 

being processed for RNA extraction. RNA was converted to sequencing libraries 

using the Tecan Trio kit, quantitated using a Nanodrop and the size range was 
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confirmed by Agilent Bioanalyser. Libraries were combined into equimolar pools of 

32 and sequenced on an Illumina NextSeq 500 (high output) in 75 bp paired end 

mode.  

To assess RNA-Seq quality control, alignment, and quantitation, FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used for initial 

quality control. Adapter trimming was performed with Cutadapt v1.12 (Martin, 2011) . 

Reads were aligned to the hg38 human genome build (NCBI primary analysis set) 

using STAR aligner v2.5.2b  (Dobin et al., 2013) with splice junction files generated 

from Gencode release 27 and RefSeq GRCh38.p10. Post-alignment quality control 

was performed by examination of the STAR alignment metrics, Picard tools v2.8.2 

(CollectRNASeqMetrics) (https://broadinstitute.github.io/picard/) and RSeQC v2.6.4 

(tin.py) (Wang et al., 2012). Expression quantitation was performed with htseq-count 

v0.6.1p1 (Anders et al., 2015) using a custom annotation file based on RefSeq 

where both exonic and intronic reads are counted for each gene. Differential gene 

expression differences were calculated using DESeq (Robles et al., 2012) 

GPR6 histology  

Formalin-fixed, paraffin-embedded blocks of caudate-putamen from three non-

demented control donors were used to investigate human GPR6 expression.  

Sections were cut from these blocks, at a thickness of 5 µm on a rotary microtome 

(Leica RM2255; 535 blades). Sections were mounted on microscope slides (Fisher 

Scientific).  

An Agilent Dako PT Link (PT200) was used for dewaxing of tissue sections and 

antigen retrieval, using high pH antigen retrieval buffer (EnV FLEX TRS, High pH 

(50x); K800421-2, Agilent Dako). Briefly, slides are inserted into the PT Link, where 
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they were prewarmed to 65˚C, brought up to 97˚C for 20 minutes, then cooled to 

65˚C. Slides were then bathed in wash buffer (K802321-2 EnVision FLEX Mini Kit, 

High pH, Agilent Dako) at room temperature for a minimum of 5 minutes.    

A rabbit polyclonal GPR6 antibody was custom generated with epitopes against the 

extracellular domain of human GPR6. In short: a fusion protein consisting of the 

extracellular domain of human GPR6 fused to the Ig-Fc tag was expressed in E.coli, 

affinity purified and injected into rabbits to generate a polyclonal antibody 

recognizing human and rodent GPR6 receptors (data not shown). This antibody was 

applied to the relevant tissue sections (1:500 dilution; Takeda, California). A rabbit 

polyclonal anti-Glial Fibrillary Acidic Protein (GFAP) antibody (1:5000 dilution; 

ab7260, Abcam; lot GR3202608-1) was included as a positive assay control, and a 

rabbit isotype-specific immunoglobulin (1.2 g/ml; X090302-2 Agilent Dako) was 

used as a negative assay control. 

The staining process used the Agilent Autostainer Link 48 and an EnVision FLEX 

Mini Kit (K802321-2, Agilent Dako). Briefly, sections were rinsed in wash buffer 

(WB), then FLEX peroxidase was applied for 5 minutes, rinsed again in wash buffer 

before application of primary antibody or IgG control. Labelling of the primary 

antibody with FLEX/ Horseradish peroxidase; 3, 3 -diaminobenzidine system was 

followed by counterstaining with FLEX Hematoxylin (K800821-2, Agilent Dako). 

Sections were then rinsed in de-ionized water and wash buffer before dehydrated 

through a rising ethanol gradient (50%, 70%, 95%, absolute ethanol x 2; 4 minutes 

each; room temperature; Fisher Chemical). Excess ethanol was shaken off before 

placing slides in a xylene bath (PRC/R/201, Pioneer Research Chemicals) twice to 

clear (4 minutes; room temperature). Slides were cover slipped with DPX mountant 
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(6522, Sigma) and glass coverslips (#12373128 Fisherbrand™ Borosilicate Glass 

Coverslips). Sections were analyzed using an Axioskop 2 plus microscope (Zeiss). 
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Results 

CVN424 was discovered through a directed medicinal chemistry campaign following 

a high throughput screen targeting human GPR6 coupled via a β-arrestin assay 

system.  The structure is shown in Figure 1A. 

CVN424 is a potent and selective inverse agonist for GPR6 

Binding affinity of CVN424 for GPR6 was determined using CHO-K1 cell membranes 

expressing GPR6 in a competitive radioligand binding assay with tritiated RL-338 

(Figure 1B), a second potent GPR6 inverse agonist with an EC50 of 16nM in the 

cAMP assay.  Cell membranes from CHO-K1 cells stably expressing human GPR6, 

CVN424 demonstrated a Ki of 9.4 nM (n=9).  To compare the binding affinity of 

CVN424 across species, membranes were prepared from CHO-K1 cells transiently 

transfected with cDNA from mouse or rat GPR6.  CVN424 demonstrated similar 

binding affinities (within two-fold) across species (Table 1)    

To determine the functional activity and selectivity of CVN424, CHO-K1 cells were 

stably transfected with GPR6, GPR3 or GPR12. CVN424 completely blocked GPR6 

-induced cAMP levels with an EC50±SD of 55.1 ±24.8nM (n=76), demonstrating its 

activity as a potent and fully efficacious GPR6 inverse agonist (Figure 2A).  In 

contrast, in the GPR3 and GPR12 expressing cell lines, CVN424 was less potent but 

still fully efficacious in reducing cAMP levels with an EC50±SD of 1921 ±859nM 

(n=18) and 6965±3189nM (n=18), respectively (Figures 2B and 2C).  This equates to 

a functional selectivity of CVN424 for GPR6 over GPR3 of 35 fold and GPR6 over 

GPR12 of 126 fold. 

Further selectivity of CVN424 was tested in a CEREP panel of 110 radioligand 

binding and enzyme assays (Eurofins CEREP SA, Celle-Levescault, France).  Of 
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these 110 assays, CVN424 modulated activity ≥50% in just four defined receptor 

assays at 10 µM (Table 2) with an IC50  >1 µM.  

CVN424 achieves high levels of GPR6 occupancy in brain 

To understand target engagement, brain penetration and plasma concentrations 

required for CVN424 to achieve GPR6 receptor occupancy (RO) in the striatum, a 

label-free in vivo LC/MS/MS based RO method was developed using a non-tritiated 

form of RL-338 (Figure 1B) as a cold tracer in both rats and mice. In mice, the mean 

±SD GPR6 RO of CVN424 measured in the striatum at 0.3, 1.0, 3.0, 10, and 30 

mg/kg p.o was 48.6±24.0, 69.2±7.8, 92.7±2.3, 97.1±2.3, and 99.7±2.0%, 

respectively. The calculated dose for 50% occupancy (ED
50

) was 0.34 mg/kg and the 

total plasma concentration at 50% RO (RO50) in striatum was 6.0 ng/ml. (Figure 3A).  

Whilst in rats, the mean ±SD striatal GPR6 receptor occupancy obtained at 5.0, 10, 

and 30 mg/kg p.o was 30.76±24.6, 72.16±14.3, and 98.16±2.6, respectively. The 

calculated occupancy ED
50 

was 7.25 mg/kg and its total plasma RO
50 

was 7.4 ng/ml 

(Figure 3B).  See also supplementary tables 1 and 2. 

CVN424 induces locomotor activity in mice 

Activation of the indirect pathway of the striatum limits locomotor activity in mice 

(Jenkins et al., 1980). Thus, it was hypothesized that CVN424 would reduce activity 

of the indirect pathway via inverse agonism of GPR6 and thereby increase locomotor 

activity. Mice were administered vehicle or CVN424 at 0.1, 0.3, 1, or 3 mg/kg (n=12-

15/group) and locomotor activity measured. CVN424 dose dependently increased 

locomotor activity (p<0.0001; F=13.48 One-way ANOVA) with Dunnett’s post-hoc 

analysis at 0.3 mg/kg (p=0.0015); 1 mg/kg (p=0.0034) and 3 mg/kg (p<0.0001) 

(Figure 4A).  To confirm exposure, terminal blood and brain samples were taken for 
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pharmacokinetic analysis at the end of the locomotor experiment. CVN424 showed a 

dose dependent increase in plasma and brain concentration with an average brain to 

plasma ratio of 0.4. The total plasma EC50 to modulate locomotor activity was 12 

ng/ml.  

CVN424 reverses haloperidol-induced catalepsy in mice 

The ability for CVN424 to reverse haloperidol induced catalepsy was tested at 0.1, 

0.3, 1, and 3 mg/kg p.o. CVN424 dose-dependently attenuated haloperidol-induced 

catalepsy at 30 minutes post treatment. One-way ANOVA confirmed an effect of the 

treatment (p<0.0001; F 15.47) with Dunnett’s post-hoc analysis confirming effect of 

CVN424 at 0.1 (p=0.0002) and 0.3, 1 and 3 mg/kg (all p<0.0001) (Figure 4B).  A 

satellite group of animals were dosed simultaneously for the purposes of 

pharmacokinetic analysis for plasma and brain.  The EC50 of CVN424 to reduce 

catalepsy was determined to be 4.4 ng/ml total plasma concentration. 

CVN424 improves locomotor function in bilateral 6-OHDA lesioned rats 

To determine if CVN424 has anti-Parkinsonian activity the compound was tested as 

a monotherapy in a rat bilateral 6-OHDA lesion model of Parkinson’s disease. The 

primary outcome measure was locomotor performance in the OFA.  6-OHDA lesion 

caused a decrease of 44% in locomotor activity recorded over a 3 hour period 

(Suppl. figure 1A) and depletion of dopamine terminals was confirmed by dopamine 

transporter staining following completion of study (Suppl. Figure 1C). CVN424 was 

assessed in this model at 5 and 10 mg/kg. At 10 mg/kg CVN424 reversed the 

motoric deficits induced by 6-OHDA compared to vehicle dosed animals increasing 

locomotor activity by 164% (p= 0.0097; F= 6.17 One-way ANOVA; p=0.005; 

Dunnett’s post-hoc analysis) (Figure 5). 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 1, 2021 as DOI: 10.1124/jpet.120.000438

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


28 
 

GPR6 expression is not changed in indirect MSNs from PD patients and non-

PD controls 

We used Nuclear Enriched Transcript Sort Sequencing (NETSseq), a method of 

measuring expression from specific cell types from human post-mortem tissue (Xu et 

al. 2018) to determine the expression levels of GPR6 in direct and indirect MSNs 

from control and PD donors.  To demonstrate the selectivity of this technique we also 

show the relative expression of mRNA for the dopamine receptors, DRD1 and 

DRD2, which show the expected preference for direct and indirect MSNs, 

respectively (Figure 6).  We confirmed, that similar to what we observed in rodents, 

GPR6 is highly expressed in D2-receptor-expressing indirect MSNs. D1-receptor-

expressing MSNs have approximately 20-fold lower levels of GPR6 mRNA 

expression than D2-expressing MSNs (DESeq; Students t-test p=3.9e-07).   It is 

important to confirm the presence of potential drug targets in the target population, 

especially in a progressively degenerating disease such as Parkinson’s disease. 

Therefore, we compared the expression of GPR6 in D2-receptor-expressing indirect 

MSNs from the putamen of both control donors (n=18) and donors diagnosed with 

Parkinson’s disease (n=12).  We observed no difference in GPR6 mRNA levels 

between control and Parkinson's disease donors (p=0.85). 

GRP6 protein is expressed in a subpopulation of MSNs in the striatum 

To confirm that the GPR6 RNA detected by NETSseq in MSNs is translated into 

proteins we conducted immunohistochemistry on human post-mortem caudate 

putamen from control donors (n=3), using an anti-GPR6 antibody. We confirmed 

selective localisation of GPR6 expression to a subpopulation of medium spiny 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 1, 2021 as DOI: 10.1124/jpet.120.000438

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


29 
 

neurons (MSNs; Figure 7A) in line with the NETSseq RNA observations. Positive 

and negative controls yielded the expected results (Figure 7B and C). 
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Discussion 

GPR6 has enriched expression in the indirect pathway MSNs of the striatum in 

rodents and has been postulated as a potential pharmacological target for treating 

Parkinson’s disease (Oeckl et al., 2014; Oeckl and Ferger, 2016).  In this study, we 

describe the development and pharmacological characterization of a first-in-class 

small molecule GPR6 inverse agonist, CVN424, and it’s in vivo evaluation in 

preclinical models relevant to Parkinson’s disease.  In addition, we demonstrate the 

highly specific expression of GPR6 RNA and protein in subpopulations of striatal 

neurons from healthy and Parkinson’s disease postmortem tissue.  

We show that CVN424 has high binding affinity for GPR6 with a comparable affinity 

across species homologues from human, rat and mouse; thus, confirming the 

relevance and use of these species in the assessment of CVN424’s pharmacology. 

Functionally, CVN424 reduced cAMP levels in human GPR6-expressing CHO-K1 

cells, demonstrating its activity as an inverse agonist.  The functional potency of 

CVN424 was lower than its binding affinity (55nM vs 17nM, respectively). These 

differences between potency and affinity are not unexpected especially as different 

cell systems were used (Strange, 2008).  Selectivity of CVN424 for GPR6 was 

compared to its most homologous family members, GPR3 and GPR12, and against 

a broad panel of receptors, channels and enzymes. CVN424 was at least a hundred-

fold selective against all targets evaluated with the exception of GPR3 which was 35-

fold.  However, we expect this level of selectivity to give sufficient confidence that at 

therapeutic doses CVN424 is mediating its effects via GPR6.  For example, in rat 6-

OHDA study 10 mg/kg. This dose in the RO study produced a total plasma 

concentration of 16.1 ng/ml (30 nM).  Since the EC50 for GPR3 is 1927 ± 859 nM it is 
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unlikely that functional inhibition of GPR3 is attained at these exposure 

concentrations. 

Included in the cross-reactivity screen was the human CB1 receptor to which 

CVN424 showed very low binding affinity (34% at 10 µM). Although GPR6 is still 

classed as an orphan GPCR, there have been reports proposing candidate ligands 

including the previously reported CB2 receptor antagonist, SR144528 (0.62 µM) 

(Laun et al., 2018) and endocannabinoids, including endocannabinoid-like N-

acrylamides such as N-arachidonoyl dopamine (Uhlenbrock et al., 2002; Laun and 

Song, 2017; Breivogel et al., 2018; Shrader and Song, 2020).  The latter is described 

as an endogenous inverse agonist and is detected in the striatum (Ji et al., 2014), 

although they are not thought to be specific for GPR6 (Grabiec and Dehghani, 2017).  

The endocannabinoid-like N-acrylamides have recently been shown to modulate 

GPR6 in an in vitro ß-arrestin assay, a recombinant assay system that is 

independent of G-protein coupling.  There was no effect of these ligands on a GPR6 

mediated G-protein dependent cAMP accumulation assay (Shrader and Song, 

2020). Evidence from the 6-OHDA-lesion model suggests that the absence of 

dopaminergic signaling to the striatum results in increases in cAMP levels which is 

linked to Parkinsonian-like motor deficits (Giorgi et al., 2011). Here we clearly 

demonstrate that CVN424 functionally inhibits cAMP in recombinant GPR6 

expressing CHO-K1 cells.  Furthermore, GPR6-/- mice have been shown to have a 

20% decrease in  striatal cAMP levels when compared to wildtype litter mates (Oeckl 

et al., 2014). Thus, we can speculate that CVN424 is reducing striatal cAMP levels in 

vivo and it is this that is mediating the observed efficacy.  We have not specifically 

measured the impact of CVN424 on other signaling pathways but have observed 

that structurally related compounds were capable of comparably modulating both 
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GPR6-cAMP and GPR6- ß-arrestin assay systems (data not shown).  Thus we 

cannot rule out that alternative signaling pathways maybe contributing to the GPR6 -

mediated efficacy seen here.   

As the intended therapeutic is for a CNS indication, it is important to demonstrate 

target occupancy in the brain and ultimately be able to correlate this to efficacy.  To 

achieve this, we studied the binding of CVN424 in a receptor occupancy assay in 

both mice and rats and correlated these values with plasma concentrations. CVN424 

achieved near maximal (i.e., >95%) receptor occupancy in both species indicating 

good brain penetration and occupancy of the target.  Although the absolute doses 

used across the two species to achieve ED50 differed (i.e., 0.34 and 7.25 mg/kg in 

mice and rats, respectively), the exposures required to achieve RO50 were equivalent 

(i.e., 6 and 7.4 ng/ml plasma concentration, respectively).  Species appropriate dose 

ranges were thus used for subsequent in vivo efficacy assessment. 

The D1-type and D2-type MSNs of the direct and indirect pathways are 

morphologically indistinguishable but functionally distinct (Lenz and Lobo, 2013). 

They form two opposing circuits: the D1- expressing direct (striatonigral) pathway 

which initiates motor activity and the D2- expressing indirect (striatopallidal) pathway 

suppresses or terminates motor activity (Freeze et al., 2013).  GPR6 is expressed in 

the indirect, D2 expressing, MSNs where its potential constitutive agonist activity is 

expected to increase levels of cAMP and activate the indirect pathway, which in turn 

decreases motor activity.  In this study, we observe that CVN424, an inverse agonist 

against GPR6, increases locomotor activity. This is consistent with previous studies 

showing that GPR6 knockout mice have lower levels of cAMP and reduced 

adenylate cyclase activity in the striatum and display increased locomotor activity 

(Lobo et al., 2007; Oeckl et al., 2014).  Additionally, we show that CVN424 reverses 
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haloperidol-induced catalepsy. Haloperidol is a dopamine D2-receptor antagonist 

that produces catalepsy by elevating cAMP in the indirect pathway of the striatum 

(Kaneko et al., 1992). We propose that the ability for CVN424 to reverse catalepsy is 

likely a consequence of inverse agonism of the Gs coupled GPR6 receptor 

counterbalancing the changes in cAMP induced by the Gi-coupled D2 receptor 

(Tanaka et al., 2007).   

 

Parkinson’s disease is characterized by the loss of nigrostriatal dopaminergic 

neurons, which leads to motor deficits.  In the current study, we investigated if 

CVN424 could restore locomotor activity in rats that had the dopaminergic terminals 

depleted by bilateral injection of 6-OHDA into the striatum, a commonly used model 

for PD.  This treatment resulted in an expected deficit in locomotor activity that could, 

dose-dependently, be fully reversed by CVN424 at a dose that equated to 72% 

GPR6 RO in the striatum. Furthermore, a previous study demonstrated that GPR6-/- 

mice had a reduced abnormal involuntary movements (AIMs) score in 6-OHDA 

unilaterally treated mice, indicating that GPR6 signaling is integral to the 

development of AIMs (Oeckl et al, 2014). Although this study investigated the effects 

of genetically depleting GPR6 signaling, it broadly supports our study and the utility 

of GPR6 as a beneficial treatment for motor dysfunction in Parkinson’s disease.  This 

shows that CVN424, an inverse agonism of GPR6, is a promising approach for 

symptomatic treatment for Parkinson’s disease.   

 

An important consideration when developing a therapeutic for a degenerative 

disease such as PD is to confirm that the intended target is present in the patient 
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population and remains present as the disease progresses. Therefore, we 

investigated the expression of GPR6 in a cell type specific manner from post-mortem 

samples from Parkinson’s patients and compared this with non-demented controls.  

Similar to studies investigating the expression of GPR6 in rodents (Lobo et al., 

2007), GPR6 in humans is preferentially expressed in the D2 receptor expressing 

indirect pathway MSNs compared to direct D1 receptor expressing MSNs, indicating 

that it may have a similar role in humans as has been observed in rodents.  

Furthermore, we observed no change in GPR6 expression with disease, despite the 

loss of primary input from the dopaminergic neurons.  By investigating expression in 

a cell type specific manner, we were able to determine that GPR6 message and 

protein is maintained in disease and selectively expressed within the indirect MSNs 

of the striatum. 

 

In summary, we have demonstrated that CVN424 is a potent and selective inverse 

agonist for GPR6, an orphan GPCR that has enriched expression in the D2 receptor 

expressing (indirect) MSNs of the in the striatopallidal pathways within the striatum of 

both humans and rodents.  In vivo, CVN424 increases locomotor activity when 

dosed alone and reverses haloperidol-induced catalepsy. Furthermore, CVN424 

monotherapy produced a measurable reversal of the locomotor deficits induced by 6-

OHDA striatal lesion, a common preclinical model for Parkinson’s disease.  Taken 

together, these data indicate that an inverse agonist of GPR6 such as CVN424 has 

therapeutic potential for treating the motor symptoms of PD with a reduced risk of 

side effects such as L-DOPA induced dyskinesias.  In this regard, CVN424 is 

currently being tested in a phase 2 study investigating its safety and efficacy in 

patients with Parkinson’s disease (ClinicalTrials.gov Identifier: NCT04191577). 
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Figure Legends 

Figure 1  

Structures of GPR6 inverse agonists.  Figure 1A shows structure of CVN424. Figure 

1B shows structure of RL-338 (tritiated form) 

Figure 2 

CHO-K1 cells stably transfected with human GPR6 (A), GPR3 (B) or GPR12 (C), 

treated with CVN424 for 45 minutes and assayed for cAMP levels.  Results 

represent examples from independent repeat experiments.  Data in each graph 

displayed as mean ± SD of technical replicates). The EC50 ± SD for CVN424 to 

inhibit GPR6 activity in cAMP assays was determined to be 55.1 ± 24.8 nM (n = 76), 

in contrast to EC50 ± SD of 1927 ± 859 nM (n = 18) and 6965 ± 3189 nM (n = 18) for 

GPR3 and GPR12, respectively. CVN424 displayed full inverse agonism efficacy 

(Emax around 100%) at GPR6, GPR3 and GPR13, completely inhibiting the 

observed apparent constitutive activity windows in the respective CHO-K1 based 

receptor expression systems. 

Figure 3  

Receptor occupancy of CVN424 in the striatum (Mean ± SD, n= 4/data point).  (A) 

Receptor occupancy and plasma exposures of CVN424 in male C57BL/6J mice pre-

treated (60 minutes) orally with CVN424, followed by RL-338 administration (100 

μg/kg, i.v.) and sacrificed after 30 minutes. Calculated ED50 was 0.34 mg/kg and 

corresponding plasma RO
50 

was 6.0 ng/mL after 90 minutes. (B) Receptor 

occupancy and plasma exposures of CVN424 in male SD rats pre-treated (60 

minutes) orally with CVN424, followed by RL-338 (30 μg/kg, i.v.) and sacrificed after 
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30 minutes. Calculated ED50 was 7.25 mg/kg and corresponding plasma RO
50 

was 

7.4 ng/mL after 105 minutes. 

Figure 4  

(A) Effect of CVN424 on locomotor activity.  Male C57Bl/6J mice were administered 

vehicle (0.5% methylcellulose) (white bar) or CVN424 at 0.1, 0.3, 1, and 3 mg/kg 

(p.o) (black bars) and locomotor distance (cm) was recorded for the next 1 hour.  

Results indicate that CVN424 increase locomotor activity compared to vehicle 

control. Data represented as mean ± SD; *p<0.05, ****p<0.0001 vs. vehicle control).  

(B) Haloperidol was dosed at 0.45 mg/kg to induce catalepsy.  CVN424 dose 

dependently reduced the haloperidol-induced catalepsy compared to vehicle (white 

bar).  ANOVA F=15.47; p<0.0001 Dunnett’s post-hoc analysis **** p<0.0001. Gray 

bar represents the data from animals treated with saline and vehicle (0.5% 

methylcellulose). All data are presented as mean ± SD. 

Figure 5 

CVN424 dose dependently reverses locomotor deficits in the bilateral 6-OHDA 

model of Parkinson’s disease.   Rats were treated with 6-OHDA to induce motor 

deficits and then dosed with vehicle (white bar) or CVN424 (black bars) p.o. and 

locomotor activity in an OFA measured.  Data are presented as mean ± SD (ANOVA 

F=6.17; p=0.0097, Dunnett’s post-hoc analysis **p<0.01).   

Figure 6 

NETSseq data from human post-mortem samples showing expression in MSNs from 

the putamen. Log2 expression of DRD1, DRD2 and GPR6 in either direct or indirect 

MSNs from control donors (grey dots) or donors diagnosed with Parkinson’s disease 

(red dots). Statistical analysis by Student’s t-test (values shown). 
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Figure 7 

GPR6 and GFAP expression in normal caudate putamen (female, 42 years old, non-

demented control, neuropathologically normal).  

(A) GPR6 expression in putamen was analyzed using immunohistochemistry, with 

H&E counterstain. GPR6 was expressed in a subpopulation of medium spiny 

neurons (GPR6-positive MSNs = filled arrow, GPR6-negative MSNs empty arrow). 

(B) Assay positive control: GFAP was prominently expressed in astrocytes, using 

immunohistochemistry, with H&E counterstain. (C) Negative control: negligible 

staining with rabbit immunoglobulin negative control, using immunohistochemistry, 

with H&E counterstain. Scale bar = 50 µm. 

Table Legends 

Table 1 

Radioligand binding assays were performed with total cell membranes isolated from 

CHO-K1 cells stably expressing human GPR6 or from CHO-K1 cells transiently 

transfected with mammalian expression plasmids carrying rat or mouse GPR6 

cDNAs. 

Table 2  

Summary of results from the CEREP selectivity screen in which CVN424 was 

assayed against 110 receptors and enzymes at two concentrations.  Results shown 

are the assays in which CVN424 showed >50% inhibition at 10 µM plus the inhibition 

of CVN424 against the CB1 receptor at 1 and 10 µM. 
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Table 1 Cross species in vitro binding affinity of CVN424 against GPR6 

Stable expression of human GPR6 Transient expression of rodent GPR6 

Ki ± SD  Rat Ki ± SD Mouse Ki ± SD 

9.4±8.2 nM 

(n=9) 

3.0±1.3 nM  

(n=3) 

1.6±0.6 nM  

(n=3) 

 

 

Table 2 Selectivity of CVN424: Percent inhibition of receptors by CVN424 at 

1µM and 10µM 

 % Inhibition 

Target 1 µM 10 µM 

Adrenergic α1A (rat) 21 54 

Adrenergic α1B (rat) 6 50 

Adrenergic α1D (human) 16 71 

Sigma, non-selective (guinea pig) 17 55 

Cannabinoid CB1 (human) 14 34 
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Figure 5 
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Figure 6   
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Figure 7  
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