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ABSTRACT
GPR6 is an orphan G-protein–coupled receptor that has en-
riched expression in the striatopallidal, indirect pathway and
medium spiny neurons of the striatum. This pathway is greatly
impacted by the loss of the nigro-striatal dopaminergic neurons
in Parkinson disease, and modulating this neurocircuitry can be
therapeutically beneficial. In this study, we describe the in vitro
and in vivo pharmacological characterization of (R)-1-(2-(4-(2,4-
difluorophenoxy)piperidin-1-yl)-3-((tetrahydrofuran-3-yl)ami-
no)-7,8-dihydropyrido[3,4-b]
pyrazin-6(5H)-yl)ethan-1-one (CVN424), a highly potent and
selective small-molecule inverse agonist for GPR6 that is
currently undergoing clinical evaluation. CVN424 is brain-
penetrant and shows dose-dependent receptor occupancy
that attained brain 50% of receptor occupancy at plasma
concentrations of 6.0 and 7.4 ng/ml in mice and rats, respec-
tively. Oral administration of CVN424 dose-dependently

increases locomotor activity and reverses haloperidol-in-
duced catalepsy. Furthermore, CVN424 restored mobility in
bilateral 6-hydroxydopamine lesion model of Parkinson dis-
ease. The presence and localization of GPR6 in medium
spiny neurons of striatum postmortem samples from both
nondemented control and patients with Parkinson disease
were confirmed at the level of both RNA (using Nuclear En-
riched Transcript Sort sequencing) and protein. This body of
work demonstrates that CVN424 is a potent, orally active,
and brain-penetrant GPR6 inverse agonist that is effective in
preclinical models and is a potential therapeutic for improv-
ing motor function in patients with Parkinson disease.

SIGNIFICANCE STATEMENT
CVN424 represents a nondopaminergic novel drug for potential
use in patients with Parkinson disease.

Introduction
Parkinson disease (PD) is currently the second-most-com-

mon neurodegenerative disorder and has the fastest growth in
incidence rate (Dorsey and Bloem, 2018). Loss of the dopa-
mine-producing cells in the substantia nigra and resultant
striatal dopamine signaling dysregulation are neuropathologi-
cal hallmarks of PD that drive motor symptoms (Bellucci et
al., 2016).

The dopamine D1 and D2 receptor–expressing medium
spiny neurons (MSNs) of the direct and indirect pathways, re-
spectively, are morphologically indistinguishable but function-
ally distinct (Lenz and Lobo, 2013). They form two opposing
circuits: the direct (striatonigral) pathway, which initiates mo-
tor 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 sub-
stantia nigra pars compacta in PD results in a decline in stria-
tal 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 stria-
tum 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
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with L-DOPA, the precursor of dopamine (Salat and
Tolosa, 2013). Although patients initially experience some
symptomatic benefit, a gradual loss of efficacy tends to
limit its long-term effectiveness, and many patients devel-
op troublesome adverse effects, such as L-DOPA–induced
dyskinesias (Brooks, 2008; Chen, 2011; Hauser et al.,
2018; You et al., 2018). Although other therapies, includ-
ing dopamine receptor agonists, have been developed,
these agents tend to be less effective and primarily useful
early in the disease or as adjunctive L-DOPA therapy (de
Bie et al., 2020; Poewe and Mahlknecht, 2020).
Nondopaminergic therapies for the motor symptoms of Par-

kinson disease may have the potential to delay, replace, or re-
duce the dose of L-DOPA required to treat the disease and
therefore decrease the onset of significant dopamine-related
side effects (M€uller, 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 stimu-
lation (DBS) of these output nuclei, particularly the subthala-
mic 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 effica-
cy 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.
G-protein–coupled receptor member (GPR) 6 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 or-
phan receptor, although some efficacy has been seen with po-
tential endogenous ligands, including endocannabinoids and
sphingosine-1-phosphate (Uhlenbrock et al., 2002; Ignatov et
al., 2003; Laun and Song, 2017; Shrader and Song, 2020). The
receptor is Gas-coupled with high constitutive activity, which
increases cAMP and thereby continuously activates the indi-
rect striatopallidal pathways (Ignatov et al., 2003; Tanaka et
al., 2007). Attenuation of GPR6-induced activity could, there-
fore, reduce the pathologic hyperactivity seen within the indi-
rect pathway in PD.
Here we describe the development and pharmacological

evaluation of a novel, potent, and selective small-molecule in-
verse GPR6 agonist, (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). CVN424 shows
excellent cross-species brain penetration and striatal GPR6
receptor occupancy. In vivo, CVN424 attenuates haloperi-
dol-induced catalepsy and locomotor behavior and reverses
6-hydroxydopamine (6-OHDA) lesion-induced locomotor def-
icits. We also show the expression of GPR6 mRNA and pro-
tein present in both nondemented control and PD donor
striatal postmortem human tissue.

Materials and Methods
Compounds and Reagents

CVN424 was synthesized by Takeda, and RL-338 was synthesized
by Envoy Therapeutics, Inc., FL (Fig. 1). For binding studies, RL-338
was radiolabeled 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 recep-
tor occupancy and 6-OHDA study in which CVN424 was formulated
in 20% Captisol (CYDEX Pharmaceuticals Inc). Haloperidol (Sigma
Chemical Co.) was prepared in saline. All reagents were from Sigma
unless otherwise stated.

Cell Culture
T-REx-CHO cells stably expressing human GPR6, GPR3, or GPR12

driven by a doxycycline-inducible promoter of the pcDNA5/TO Vector
(Invitrogen) were cultured in F12K medium (Gibco; Life Technologies)
containing 10% tetracycline free FBS (HyClone; Fisher Scientific), 1%
penicillin/streptomycin, and 200 mg/ml hygromycin B. Receptor ex-
pression was induced with the addition of 2 mg/ml doxycycline to cell
culture medium for 12 hours. CHO-K1 cells (American Type Culture
Collection) transiently transfected with mammalian expression plas-
mids for human, rat, or mouse GPR6 were also grown in F12K medi-
um containing 10% FBS and 1% penicillin/streptomycin.

In Vitro Characterization of CVN424
Membrane Binding. The binding characteristics of CVN424

were assessed using a competition radioligand binding assay with a
filtration-based format developed featuring membranes prepared from
T-REx-CHO-GPR6 cells. The total concentration of protein in the
membrane preparations was determined using the biochemical bicin-
choninic acid assay (Thermo Fisher). In vitro pharmacological profil-
ing showed that RL-338 is a potent and highly selective GPR6 inverse
agonist inhibiting GPR6 cAMP signaling in time-resolved fluorescence
energy transfer assays with an EC50 5 16 nM and >100-fold selectivi-
ty against GPR3 and GPR12 . 3H-RL-338 demonstrated high affinity
for human GPR6 receptors stably expressed in T-REx-CHO cells (Kd
5 2.4 or 5 nM dependent on synthesized radioligand batch) in satura-
tion 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 5.7 nM, rat Kd 5 8.1 nM,
and human Kd 5 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 expres-
sion 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) according to the manufacturer protocol. Membranes
were prepared 48 hours after transfection.

To determine CVN424 binding affinity to GPR6 containing mem-
brane preparations, assay-ready 96-well plates (Greiner) containing
serial dilutions of CVN424 were prepared (1 ml/well) in DMSO, to
which assay buffer [50 mM Tris (pH 7.4), 50 mM NaCl, 6 mM MgCl2,

Fig. 1. Structures of GPR6 inverse agonists. (A) shows structure of
CVN424. (B) shows structure of RL-338 (tritiated form).
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fatty acid–free 0.1% bovine serum albumin, proteinase inhibitor cock-
tail] was added (39 ml/well), and the plates were mixed for 10 minutes
on a plate shaker. Next, 40 ml per well of radioligand 3H-RL-338 (spe-
cific activity 85 Ci/mmol) prepared in assay buffer was added (final as-
say concentration 5.0 nM). CVN424 concentrations tested ranged from
5 mM (top concentration) to 0.06 nM (lowest concentration) with 1:5 di-
lution steps. Binding reactions were initiated by adding 40 ml of total
membranes obtained from cells expressing human GPR6 receptors.
Membranes were prepared in assay buffer and added at 15 mg/well,
mixed, and incubated for 2 hours at room temperature. Reactions
were filtered through filtermates (1450-421, Filtermate A; Perkin El-
mer) and washed five times with 50 mM Tris (pH 7.4), 50 mM NaCl, 6
mM MgCl2, and fatty acid–free 0.1% bovine serum albumin using a
Tomtec Harvester 96 instrument. Filters were dried in the microwave,
and scintillator sheet (1450-411; PerkinElmer) was melted onto them
and heat-sealed before counts per minute per well were quantified in
Microbeta Trilux instrument (Perkin Elmer). Before use, filtermates
were presoaked in 0.5% polyethylenimine solution for 3 hours with
gentle shaking, which was followed by air drying overnight. The same
protocol was used for saturation binding assays to determine radioli-
gand 3H-RL-338 affinity to GPR6. Different concentrations of radioli-
gand RL-338 ranging from 32 (high concentration) to 0.015 nM (low
concentration) with 1:2 dilution steps were tested to generate satura-
tion curves and obtain the equilibrium dissociation constant Kd. Non-
specific background binding of 3H-RL-338 was determined using 10
mM of an unlabeled structurally diverse potent and selective GPR6 in-
verse agonists (unpublished data). IC50 and Kd values were calculated
using nonlinear regression analysis in Prism (GraphPad). Saturation
curves were fitted using Prism non-linear regression (One site-Total)
equation and non-specific binding without constraints. Dose-response
curves were fitted to the four-parameter variable slope model without
constrains in Prism to obtain IC50s. 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 in-
verse 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 ex-
pression plasmids carrying mouse or rat GPR6 cDNAs. These con-
structs 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 ml of
Xtreme Gene 9 was added to 1.5 ml Opti-MEM media (Life Technolo-
gies), and this was followed by adding 10 mg DNA, which was then in-
cubated at room temperature for 25 minutes. Mixture was added to
cells, and this was followed by 20–24 hours incubation at 37�C with
5% CO2. Cells were replated 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 with human
GPR3 and GPR12 was evaluated in functional HTRF cAMP assays
with T-REx-CHO cells (Invitrogen) stably expressing human GPR6,
GPR3, or GPR12.

To measure cAMP modulation cells were replated 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 mg/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 bovine serum al-
bumin and 300 mM IBMX), added to the plates (20 ml/well), and incu-
bated for 45 minutes at 37�C. Final CVN424 concentrations tested
ranged from 30 mM (top concentration) to 0.5 nM (lowest concentra-
tion) with 1:3 dilution steps. Next, Eu-labeled cAMP tracer (10 ml) di-
luted in cAMP detection/lysis buffer with 10 ml ULight-anti-cAMP
diluted in the same buffer was added to the cells. Plates were incubat-
ed for 60 minutes at room temperature, and then time-resolved fluo-
rescence energy transfer was measured on an EnVision plate reader

(Perkin Elmer). CVN424 displayed full inverse agonism efficacy (Max-
imal effect (Emax) 100%) at GPR6, GPR3, and GPR12, completely in-
hibiting 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 nonlinear regression analysis in Prism
(GraphPad).

To determine the selectivity of CVN424 at 1 and 10 mM, 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 stand-

ards. They were maintained on a 12-hour light/dark cycle and had ac-
cess ab libitum to food and water. Experiments performed in Europe
were conducted in accordance with the European Communities direc-
tive 2010/63/EU. Experiments conducted in the United States were in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals (National Research Council, 2011). Animal research in India was
performed according to the guidance from the Committee for the Pur-
pose of Control and Supervision of Experiments on Animals. All ex-
periments were in accordance with and approved by the Institutions’
Animal Care and Use Committees. 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 sensitivity to stress that can significantly de-
crease activity in male rats (Faraday, 2002). Cross-sex pharmacokinet-
ic evaluation was conducted to ensure parity of compound exposure in
these studies (unpublished data).

Receptor Occupancy
Dose-dependent receptor occupancy (RO) by CVN424 on striatal

GPR6 was determined using a label-free in vivo liquid chromatogra-
phy with tandem mass spectrometry (LC/MS/MS)-based RO method
in male mice and rats (n 5 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 5 4/dose/spe-
cies) were first administered vehicle or CVN424 at 1.0, 3.0, 5.0, 10,
and 30 mg/kg, p.o. At 60 minutes postdose, animals were administered
the nontritiated form of RL-338 at 100 (mice) or 30 mg/kg (rats) i.v. Af-
ter 30 (mice) or 45 minutes (rats) post–RL-338 dose, animals were eu-
thanized, and trunk blood was collected into tubes containing sodium
heparin. Plasma was separated by centrifugation (1900g, 4�C for 10
minutes). Brains were removed, frozen on dry ice, and stored below
�50�C until being processed further for RL-338 extraction.

Brain and plasma samples from all animals were analyzed for
CVN424 levels by LC/MS/MS (API4000 MDS; SciEx). Briefly, samples
were thawed on ice. Acetonitrile was added to each sample at a vol-
ume (microlitre) of four times the weight (milligram) of tissue. Sam-
ples were homogenized (7 to 8 W power using sonic probe
dismembrator; Fisher Scientific) and centrifuged for 10 minutes at
12,000g, and the supernatant solution was subjected to quantification
of RL-338 using LC/MS/MS.

For plasma samples for each 50 ml of sample, 200 ml of acetonitrile
containing 0.1% formic acid was added. Samples were vortex-mixed,
which was followed by centrifugation at 21,000g for 20 minutes; the
supernatant solutions were assayed for quantification of CVN424 us-
ing LC/MS/MS.

GPR6 receptor occupancy of CVN424 was calculated based on the
ratio method: % receptor occupancy 5 100*f1�[ratiot�1]/(ratiov)]g.
Ratiot 5 ratio of RL-338 concentrations measured in striata (GPR6-
specific brain region) to RL-338 concentrations measured in cerebel-
lum (brain region without detectable GPR6 expression) in individual
animals pretreated with CVN424. Ratiov 5 average ratio of RL-338
concentrations measured in striata to RL-338 concentrations
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measured in cerebellum for the vehicle-pretreated group. Plasma 50%
of receptor occupancy (RO50) values were calculated in Prism (Graph-
Pad) by fitting % RO values and correlating plasma exposures of
CVN424 (nanogram per milliliter) to the four-parameter variable
slope model in nonlinear regression analysis.

Behavioral Studies
Locomotor activity was measured in an open field arena (OFA)

(Med-Associates). Male C57BL/6J mice (11 to 12 weeks; Jackson Labo-
ratories, ME) were acclimatized to the equipment for 1 hour before be-
ing administered CVN424 (0.1, 0.3, 1, or 3 mg/kg; p.o.; n 5 12–15) or
vehicle (0.5% methylcellulose). Immediately after dosing, the mice
were placed back into their respective chambers, and the distance
traveled in the arena was measured for 1 hour. Locomotor activity
was quantified as the disruptions in three 16 infrared photo beam ar-
rays that circumscribed each enclosure. Immediately after the behav-
ior experiment, plasma samples were taken from each animal. The
total plasma EC50 to modulate locomotor activity was calculated in
Prism (GraphPad) by fitting total distance traveled values and corre-
lating plasma exposures of CVN424 (nanogram per milliliter) to the
four-parameter variable slope model in nonlinear regression analysis.

For haloperidol-induced catalepsy experiments, male C57BL/6J
mice (11 to 12 weeks; Jackson Laboratories) were acclimated to the
procedure room for 1 to 2 hours. During this period, mice carried out
training/acclimatization to the bar test (Med Associates, MED-PCIV)
by placing them in the bar test chambers for 2 minutes, and this was
followed by four to five practice bar test runs.

Following acclimatization, mice were dosed orally with CVN424
(0.1 (n5 11), 0.3 (n5 9), 1 (n5 9), or 3 mg/kg (n5 11); p.o.) or vehicle
(0.5% methylcellulose; p.o.; n 5 8). Immediately after oral dosing, hal-
operidol (0.45 mg/kg, i.p.) was administered to all mice except for a
separate saline (intraperitoneal) control group (n 5 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 immo-
bile in that position was measured using an automated scoring
instrumentation.

On completion of behavioral testing (locomotor activity and catalep-
sy), mice were culled, brains were removed, and terminal blood sam-
ples were collected into tubes containing K2EDTA. The plasma was
separated by centrifugation, and the brains were removed onto ice
and homogenized. Plasma and brain homogenate samples were ex-
tracted using a protein precipitation extraction method, and LC/MS/
MS was performed on an MDS Sciex API5500 mass spectrometer (AB
SCIEX, Concord, ON, Canada) equipped with a Shimadzu liquid chro-
matography system and an LEAP autosampler. A reverse-phase gra-
dient method running at a flow rate of 0.6 ml/min on a Phenomenex
Kinetex C18 5.0 100A column (2.1 mm i.d. � 50 mm) (Phenomenex,
Inc., Torrance, CA) was used for analyte separation.

The mobile phases used were water (A) and acetonitrile (B), and
both were supplemented with formic acid (0.04%, v/v). The gradient
program used the following liquid chromatography parameters for mo-
bile phase B: 10 (%v/v) during period 0.2–1.5 minutes, 95 (%v/v) dur-
ing period 1.5–1.9 minutes, and 10 (%v/v) during period 1.9–2.5
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 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 were used to quantify
samples.

6-OHDA Lesion Model
Prior to surgery, locomotor activity of 20 female Sprague Dawley

rats (269 to
300 g, Charles River) was assessed in the OFA for 3 hours (prelesion)
to determine baseline activity.

On the day of surgery but 30 minutes prior to surgery, the rats
were administered pargyline (5 mg/kg; i.p.) and desipramine (10 mg/
kg; i.p.) to optimize subsequent 6-OHDA availability and to increase
specificity for toxicity to dopaminergic neurons. Under anesthesia
with isoflurane, rats were placed in a Kopf small animal stereotaxic
apparatus, and 6-OHDA (20 mg in 3 ml; 0.5 ml/min) was injected into
the striatum at coordinates Anterior-Posterior: (medial-lateral : dor-
sal-ventral, 1, ±3, �5 mm relative to bregma (Paxinos and 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 ani-
mals was assessed in the OFA (Linton Instrumentation, UK) for 3
hours to determine the postlesion behavioral deficit compared with
the presurgery recording.

On the day of compound testing, animals were placed in the OFA
for 30 minutes for habituation and then were administered vehicle
(p.o.; n 5 6) or CVN424 at 5 mg/kg or 10 mg/kg (p.o.; n 5 7 per 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 re-
ceived an overdose of pentobarbital (intraperitoneal) and were trans-
cardially 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-mm sections. Thawed slides were
placed in PBS for 30 minutes at room temperature. Sections were in-
cubated in PBS containing 10 pM [125I]-RTI-121 (specific activity 2200
Ci/mmol; Perkin-Elmer) for 90 minutes at room temperature. Slides
were washed (2 � 20 minutes) in PBS at 4�C, rinsed in ice-cold dis-
tilled water, and air-dried. Densitometric analysis of autoradiograms
of three striatal sections per animal were analyzed using MCID soft-
ware (Image Research Inc, ON, Canada) and compared with brains
from nonlesioned rats.

Statistical Analyses
For behavioral analysis in the 6-OHDA locomotor activity, the halo-

peridol catalepsy models, and locomotor activity studies, data were an-
alyzed with a one-way ANOVA 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 prelesion to
postlesion 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 col-
lected from donors for whom a full written consent was obtained for
use of material and clinical information in accordance with the Decla-
ration of Helsinki. Data and material were managed in compliance
with the UK Human Tissue Act. Clinical records confirmed donors
with Parkinson disease were diagnosed during life [n 5 5 (three fe-
male and two male)]. Control donors [n 5 9 (five male and four fe-
male)] 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.

Nuclear Enriched Transcript Sort Sequencing
Protocols for nuclei isolation from tissue samples are essentially as

described in Kriaucionis and Heintz (2009) and Xu et al. (2018). Brief-
ly, human putamen samples were homogenized 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
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with 50% iodixanol solution (50% iodixanol/Optiprep, 150 mM KCl,
5 mM MgCl2, 20 mM Tricine pH 7.8, 0.15 mM spermine, 0.5 mM sper-
midine, mini EDTA-free protease inhibitor cocktail, 1 mM DTT, 20
U/ml Superase-In RNase inhibitor, 40 U/ml RNasin ribonuclease in-
hibitor) posthomogenization and laid on a 27% iodixanol cushion. Nu-
clei were pelleted by centrifugation for 25 minutes at 10,000g at 4�C
(Eppendorf 5427 R centrifuge, FA-45-12-17 rotor).

After nuclei isolation, resuspended nuclei were fixed with 1% form-
aldehyde for 8 minutes at room temperature and then quenched with
0.125 M glycine for 5 minutes. Nuclei were pelleted at 1000g for 4 mi-
nutes at 4�C and then washed once with homogenization medium and
once with Wash Buffer (PBS, 0.05% Triton X-100, 50 ng/ml bovine se-
rum albumin, 1 mM DTT, 10 U/ml Superase-In RNase inhibitor). Nu-
clei were resuspended in 100 ml PrimeFlow RNA Wash Buffer (00-
19180; Invitrogen) and labeled with PrimeFlow Target Probes (Invi-
trogen) [DARPP32/PPP1R1B (Alexa Fluor A647), dopamine D1 recep-
tor (DRD1) (Alexa Fluor A568), and dopamine D2 receptor (DRD2)
(Alexa Fluor A488); samples were centrifuged at 1000g for 3 minutes
at 21�C.

Prior to flow cytometry, nuclei were costained with 40,6-diamidino-
2-phenylindole to 0.01 mg/ml final concentration. Nuclei were ana-
lyzed and sorted using BD FACSAria fusion (BD Biosciences, San
Jose, CA) flow cytometer using the 355-, 488-, 561-, and 640-nm la-
sers. All samples were first gated using forward and side scatter gates
to exclude debris followed by a single nuclei 40,6-diamidino-2-phenylin-
dole 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 li-
braries using the Tecan Trio kit and quantitated using a Nanodrop,
and the size range was confirmed by Agilent Bioanalyser. Libraries
were combined into equimolar pools of 32 and sequenced on an Illumi-
na NextSEq. Five hundred (high output) in 75 bp paired end mode.

To assess RNA-sequencing quality control, alignment, and quanti-
tation, FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) was used for initial quality control. Adapter trimming was per-
formed with Cutadapt v1.12 (Martin, 2011). Reads were aligned to the
hg38 human genome build (National Center for Biotechnology Infor-
mation 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. Postalignment quality control was performed by
examination of the STAR alignment metrics, Picard tools v2.8.2 (Col-
lectRNASeqMetrics) (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 in which both exonic and in-
tronic 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 nondemented control donors were used to investigate human
GPR6 expression. Sections were cut from these blocks, at a thickness
of 5 mm on a rotary microtome (RM2255; 535 blades; Leica). 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 (50�); K800421-2; Agilent Dako]. Briefly,
slides were inserted into the PT Link, where they were prewarmed to
65�C, brought up to 97�C for 20 minutes, and 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 epit-
opes against the extracellular domain of human GPR6. In short, a fu-
sion protein consisting of the extracellular domain of human GPR6
fused to the Ig-Fc tag was expressed in Escherichia coli, affinity-

purified, and injected into rabbits to generate a polyclonal antibody
recognizing human and rodent GPR6 receptors (unpublished data).
This antibody was applied to the relevant tissue sections (1:500 dilu-
tion; Takeda, CA). A rabbit polyclonal anti–glial fibrillary acidic pro-
tein (GFAP) antibody (1:5000 dilution; ab7260, lot GR3202608-1;
Abcam) was included as a positive assay control, and a rabbit isotype-
specific immunoglobulin (1.2 mg/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, and then FLEX peroxidase was applied
for 5 minutes and rinsed again in wash buffer before application of
primary antibody or IgG control. Labeling of the primary antibody
with FLEX/horseradish peroxidase and 3,3-diaminobenzidine system
was followed by counterstaining with FLEX hematoxylin (K800821-2;
Agilent Dako). Sections were then rinsed in deionized water and wash
buffer before being dehydrated through a rising ethanol gradient
(50%, 70%, 95%, absolute ethanol � 2; 4 minutes each; room tempera-
ture; Fisher Chemical). Excess ethanol was shaken off before slides
were placed in a xylene bath (PRC/R/201; Pioneer Research Chemi-
cals) twice to clear (4 minutes; room temperature). Slides were cover-
slipped with DPX mountant (6522; Sigma) and glass coverslips
(12373128 Fisherbrand Borosilicate Glass Coverslips). Sections were
analyzed using an Axioskop 2 plus microscope (Zeiss).

Results
CVN424 was discovered through a directed medicinal chem-

istry campaign after a high-throughput screen targeting hu-
man GPR6 coupled via a b-arrestin assay system. The
structure is shown in Fig. 1A.

CVN424 Is a Potent and Selective Inverse Agonist
for GPR6. Binding affinity of CVN424 for GPR6 was deter-
mined using CHO-K1 cell membranes expressing GPR6 in a
competitive radioligand binding assay with tritiated RL-338
(Fig. 1B), a second potent GPR6 inverse agonist with an EC50

of 16 nM in the cAMP assay. Cell membranes from CHO-K1
cells stably expressing human GPR6 and CVN424 demon-
strated a Ki of 9.4 nM (n 5 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 2-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 ± S.D. of 55.1 ± 24.8 nM (n 5 76),
demonstrating its activity as a potent and fully efficacious
GPR6 inverse agonist (Fig. 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 ± S.D.
of 1921 ± 859 nM (n 5 18) and 6965 ± 3189 nM (n 5 18), re-
spectively (Fig. 2, B and C). This equates to a functional selec-
tivity 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 (CEREP SA;
Eurofins, Celle-Levescault, France). Of these 110 assays,
CVN424 modulated activity $50% in just four defined recep-
tor assays at 10 mM (Table 2) with an IC50 > 1 mM.
CVN424 Achieves High Levels of GPR6 Occupancy

in Brain. To understand target engagement, brain penetra-
tion, and plasma concentrations required for CVN424 to
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achieve GPR6 RO in the striatum, a label-free in vivo LC/MS/
MS-based RO method was developed using a nontritiated
form of RL-338 (Fig. 1B) as a cold tracer in both rats and
mice. In mice, the mean ± S.D. GPR6 RO of CVN424 mea-
sured 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 (ED50) was 0.34 mg/kg, and the total plasma
concentration at RO50 in striatum was 6.0 ng/ml (Fig. 3A).
However, in rats, the mean ± S.D. striatal GPR6 receptor oc-
cupancy 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 calculat-
ed occupancy ED50 was 7.25 mg/kg, and its total plasma RO50

was 7.4 ng/ml (Fig. 3B). See also Supplemental Tables 1 and 2
CVN424 Induces Locomotor Activity in Mice. Activa-

tion of the indirect pathway of the striatum limits locomotor
activity in mice (Jenkins et al., 1980). Thus, it was hypothe-
sized that CVN424 would reduce activity of the indirect path-
way 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 5 12–15 per group), and locomotor
activity was measured. CVN424 dose-dependently increased
locomotor activity (P < 0.0001; F 5 13.48 one-way ANOVA)
with Dunnett’s post hoc analysis at 0.3 mg/kg (P 5 0.0015),
1 mg/kg (P 5 0.0034), and 3 mg/kg (P < 0.0001) (Fig. 4A). To
confirm exposure, terminal blood and brain samples were tak-
en for pharmacokinetic analysis at the end of the locomotor ex-
periment. CVN424 showed a dose-dependent increase in
plasma and brain concentration with an average brain-to-plas-
ma 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-in-
duced catalepsy was tested at 0.1, 0.3, 1, and 3 mg/kg p.o.
CVN424 dose-dependently attenuated haloperidol-induced cat-
alepsy at 30 minutes post-treatment. One-way ANOVA con-
firmed an effect of the treatment (P < 0.0001; F 15.47) with
Dunnett’s post hoc analysis confirming the effect of CVN424
at 0.1 (P 5 0.0002) and 0.3, 1, and 3 mg/kg (all P < 0.0001)
(Fig. 4B). A satellite group of animals was dosed simulta-
neously for the purposes of pharmacokinetic analysis for plas-
ma 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 whether CVN424
has anti-Parkinsonian activity, the compound was tested as a
monotherapy in a rat bilateral 6-OHDA lesion model of Par-
kinson 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 (Sup-
plemental Fig. 1A), and depletion of dopamine terminals was
confirmed by dopamine transporter staining after completion
of study (Supplemental Fig. 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 with vehicle-
dosed animals increasing locomotor activity by 164% (P 5
0.0097; F 5 6.17 one-way ANOVA; P 5 0.005; Dunnett’s post
hoc analysis) (Fig. 5).

TABLE 1
Cross-species in vitro binding affinity of CVN424 against GPR6
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 plas-
mids carrying rat or mouse GPR6 cDNAs.

Stable Expression of
Human GPR6

Transient Expression of
Rodent GPR6

Ki ± S.D. Rat Ki ± S.D. Mouse Ki ± S.D.

9.4 ± 8.2 nM (n 5 9) 3.0 ± 1.3 nM (n 5 3) 1.6 ± 0.6 nM (n 5 3)

Fig. 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 ± S.D. of technical repli-
cates. The EC50 ± S.D. for CVN424 to inhibit GPR6 activity in cAMP assays was determined to be 55.1 ± 24.8 nM (n 5 76), in contrast to EC50 ±
S.D. of 1927 ± 859 nM (n 5 18) and 6965 ± 3189 nM (n 5 18) for GPR3 and GPR12, respectively. CVN424 displayed full inverse agonism efficacy
(Maximal effect (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.

TABLE 2
Selectivity of CVN424: Percent inhibition of receptors by CVN424 at 1
and 10 mM
Summary of results from the CEREP selectivity screen in which
CVN424 was assayed against 110 receptors and enzymes at two con-
centrations. Results shown are the assays in which CVN424 showed
>50% inhibition at 10 mM plus the inhibition of CVN424 against the
CB1 receptor at 1 and 10 mM.

% Inhibition

Target 1 mM 10 mM

Adrenergic a1A (rat) 21 54
Adrenergic a1B (rat) 6 50
Adrenergic a1D (human) 16 71
Sigma, nonselective (guinea pig) 17 55
Cannabinoid CB1 (human) 14 34
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GPR6 Expression Is Not Changed in Indirect MSNs
from Patients with PD 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 donors with PD. 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 indi-
rect MSNs, respectively (Fig. 6). We confirmed that simi-
lar to what we observed in rodents, GPR6 is highly
expressed in D2-receptor–expressing indirect MSNs. D1-
receptor–expressing MSNs have approximately 20-fol-
d–lower levels of GPR6 mRNA expression than D2-

expressing MSNs (DESeq; Student’s t test P 5 3.9e�07). It
is important to confirm the presence of potential drug tar-
gets in the target population, especially in a progressively
degenerating disease, such as Parkinson disease. There-
fore, we compared the expression of GPR6 in D2-recep-
tor–expressing indirect MSNs from the putamen of both
control donors (n 5 18) and donors diagnosed with Par-
kinson disease (n 5 12). We observed no difference in
GPR6 mRNA levels between control and donors with Par-
kinson disease (P 5 0.85).
GRP6 Protein Is Expressed in a Subpopulation of

MSNs in the Striatum. To confirm that the GPR6 RNA de-
tected by NETSseq in MSNs is translated into proteins, we
conducted immunohistochemistry on human post-mortem cau-
date putamen from control donors (n 5 3) using an anti-GPR6

Fig. 3. Receptor occupancy of CVN424 in the striatum (mean ± S.D., n 5 4 per data point). (A) Receptor occupancy and plasma exposures of
CVN424 in male C57BL/6J mice pretreated (60 minutes) orally with CVN424 followed by RL-338 administration (100 mg/kg, i.v.), and mice were
sacrificed after 30 minutes. Calculated ED50 was 0.34 mg/kg, and corresponding plasma RO50 was 6.0 ng/ml after 90 minutes. (B) Receptor occu-
pancy and plasma exposures of CVN424 in male Sprague Dawley rats pretreated (60 minutes) orally with CVN424 followed by RL-338 (30 mg/kg,
i.v.), and rats were sacrificed after 30 minutes. Calculated ED50 was 7.25 mg/kg, and corresponding plasma RO50 was 7.4 ng/ml after 105
minutes.

Fig. 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 (centimeter) was recorded for the next 1 hour. Results indicate
that CVN424 increased locomotor activity compared with vehicle con-
trol. Data represented as mean ± S.D.; *P < 0.05; ****P < 0.0001 vs.
vehicle control. (B) Haloperidol was dosed at 0.45 mg/kg to induce cata-
lepsy. CVN424 dose-dependently reduced the haloperidol-induced cata-
lepsy compared with vehicle (white bar). ANOVA F 5 15.47; P <
0.0001 Dunnett’s post hoc analysis ****P < 0.0001. Gray barrepresents
the data from animals treated with saline and vehicle (0.5% methylcel-
lulose). All data are presented as mean ± S.D. .

Fig. 5. CVN424 dose-dependently reverses locomotor deficits in the bi-
lateral 6-OHDA model of Parkinson 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 mea-
sured. Data are presented as mean ± S.D. (ANOVA F 5 6.17; P 5
0.0097, Dunnett’s post hoc analysis **P < 0.01). veh, vehicle.
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antibody. We confirmed selective localization of GPR6 expres-
sion to a subpopulation of MSNs (Fig. 7A) in line with the
NETSseq RNA observations. Positive and negative controls
yielded the expected results (Fig. 7, B and C).

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 dis-
ease (Oeckl et al., 2014; Oeckl and Ferger, 2016). In this study,
we describe the development and pharmacological characteri-
zation of a first-in-class small-molecule GPR6 inverse agonist,
CVN424, and its in vivo evaluation in preclinical models rele-
vant to Parkinson disease. In addition, we demonstrate the
highly specific expression of GPR6 RNA and protein in subpo-
pulations of striatal neurons from healthy and Parkinson dis-
ease post-mortem tissue.
We show that CVN424 has high binding affinity for GPR6

with a comparable affinity across species homologs from hu-
man, 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 in-
verse agonist. The functional potency of CVN424 was lower
than its binding affinity (55 nM vs. 17 nM, 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 with its most
homologous family members, GPR3 and GPR12, and against a
broad panel of receptors, channels, and enzymes. CVN424 was
at least 100-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 study10 mg/kg reversed the mo-
tor deficits and 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 unlikely that functional inhi-
bition of GPR3 is attained at these exposure concentrations.
Included in the crossreactivity screen was the human

CB1 receptor to which CVN424 showed very low binding
affinity (34% at 10 mM). Although GPR6 is still classed as
an orphan GPCR, there have been reports proposing candi-
date ligands, including the previously reported CB2 recep-
tor antagonist SR144528 (0.62 mM) (Laun et al., 2018) and
endocannabinoids, including endocannabinoid-like N-acryl-
amides, 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 en-
dogenous inverse agonist and is detected in the striatum
(Ji et al., 2014), although it is not thought to be specific for
GPR6 (Grabiec and Dehghani, 2017). The endocannabi-
noid-like N-acrylamides have recently been shown to mod-
ulate GPR6 in an in vitro b-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 function-
ally 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 com-
pared with wild-type littermates (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

Fig. 6. NETSseq data from human post-mortem samples showing ex-
pression in MSNs from the putamen. Log2 expression of DRD1, DRD2,
and GPR6 in either direct or indirect MSNs from control donors (gray
dots) or donors diagnosed with Parkinson disease (red dots). Statistical
analysis by Student’s t test (values shown).

Fig. 7. GPR6 and GFAP expression in normal caudate putamen (female, 42 years old, nondemented control, neuropathologically normal). (A)
GPR6 expression in putamen was analyzed using immunohistochemistry with H&E counterstain. GPR6 was expressed in a subpopulation of me-
dium spiny neurons (GPR6-positive MSNs 5 filled arrow, GPR6-negative MSNs 5 empty arrow). (B) Assay positive control: GFAP was promi-
nently 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 mm.
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efficacy. We have not specifically measured the impact of
CVN424 on other signaling pathways but have observed
that structurally related compounds were capable of com-
parably modulating both GPR6-cAMP and GPR6–b-arrest-
in assay systems (unpublished data). Thus, we cannot rule
out that alternative signaling pathways may be contribut-
ing to the GPR6-mediated efficacy seen here.
As the intended therapeutic is for a CNS indication, it is im-

portant to demonstrate target occupancy in the brain and ulti-
mately 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 pene-
tration 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 expo-
sures 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 function-
ally 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 ac-
tivity (Freeze et al., 2013). GPR6 is expressed in the indirect,
D2-expressing MSNs, wherein its potential constitutive ago-
nist activity is expected to increase levels of cAMP and acti-
vate the indirect pathway, which in turn decreases motor
activity. In this study, we observe that CVN424, an inverse ag-
onist against GPR6, increases locomotor activity. This is con-
sistent 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 activi-
ty (Lobo et al., 2007; Oeckl et al., 2014). Additionally, we show
that CVN424 reverses haloperidol-induced catalepsy. Haloper-
idol is a dopamine D2-receptor antagonist that produces cata-
lepsy 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 disease is characterized by the loss of nigrostria-

tal dopaminergic neurons, which leads to motor deficits. In the
current study, we investigated whether 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-depen-
dently 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 in-
voluntary movements score in 6-OHDA unilaterally treated
mice, indicating that GPR6 signaling is integral to the devel-
opment of abnormal involuntary movements (Oeckl et al.,
2014). Although this study investigated the effects of geneti-
cally depleting GPR6 signaling, it broadly supports our study
and the utility of GPR6 as a beneficial treatment of motor dys-
function in Parkinson disease. This shows that CVN424, an

inverse agonism of GPR6, is a promising approach for symp-
tomatic treatment of Parkinson 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 population and re-
mains present as the disease progresses. Therefore, we inves-
tigated the expression of GPR6 in a cell type–specific manner
from post-mortem samples from patients with Parkinson and
compared this with nondemented 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 with
direct D1 receptor–expressing MSNs, indicating that it may
have a similar role in humans, as has been observed in ro-
dents. Furthermore, we observed no change in GPR6 expres-
sion 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 are maintained in disease and selectively
expressed within the indirect MSNs of the striatum.
In summary, we have demonstrated that CVN424 is a po-

tent and selective inverse agonist for GPR6, an orphan GPCR
that has enriched expression in the D2 receptor expressing (in-
direct) MSNs of the in the striatopallidal pathways within
the striatum of both humans and rodents. In vivo, CVN424 in-
creases locomotor activity when dosed alone and reverses
haloperidol-induced catalepsy. Furthermore, CVN424 mono-
therapy produced a measurable reversal of the locomotor defi-
cits induced by 6-OHDA striatal lesion, a common preclinical
model for Parkinson disease. Taken together, these data indi-
cate 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 pa-
tients with Parkinson disease (ClinicalTrials.gov Identifier:
NCT04191577).
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