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ABSTRACT: Nonselective antagonists of muscarinic acetylcho-
line receptors (mAChRs) that broadly inhibit all five mAChR
subtypes provide an efficacious treatment for some movement
disorders, including Parkinson’s disease and dystonia. Despite their
efficacy in these and other central nervous system disorders,
antimuscarinic therapy has limited utility due to severe adverse
effects that often limit their tolerability by patients. Recent
advances in understanding the roles that each mAChR subtype
plays in disease pathology suggest that highly selective ligands for
individual subtypes may underlie the antiparkinsonian and
antidystonic efficacy observed with the use of nonselective antimuscarinic therapeutics. Our recent work has indicated that the
M4 muscarinic acetylcholine receptor has several important roles in opposing aberrant neurotransmitter release, intracellular
signaling pathways, and brain circuits associated with movement disorders. This raises the possibility that selective antagonists of M4
may recapitulate the efficacy of nonselective antimuscarinic therapeutics and may decrease or eliminate the adverse effects associated
with these drugs. However, this has not been directly tested due to lack of selective antagonists of M4. Here, we utilize genetic
mAChR knockout animals in combination with nonselective mAChR antagonists to confirm that the M4 receptor activation is
required for the locomotor-stimulating and antiparkinsonian efficacy in rodent models. We also report the synthesis, discovery, and
characterization of the first-in-class selective M4 antagonists VU6013720, VU6021302, and VU6021625 and confirm that these
optimized compounds have antiparkinsonian and antidystonic efficacy in pharmacological and genetic models of movement
disorders.
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Dopamine (DA) release and signaling in the basal ganglia
(BG) are critical for fine-tuned motor control and

locomotor ability.1−4 When DA release or signaling is
diminished, such as in Parkinson’s disease (PD) following
the death of DA-releasing cells or in genetic forms of dystonia,
aberrant motor behaviors are present.1−6 In many of these
disease states, especially PD, treatment often centers around
boosting DA levels in the brain through administration of the
dopamine prodrug levodopa (L-DOPA), preventing the
breakdown of DA, or directly activating DA receptors.7

However, these treatments can often lead to severe side
effects such as dyskinesia and are not effective at treating all of
the symptoms in the disease state, and their efficacy is
unreliable with disease progression or chronic use.8 The
development of non-DA-based therapies with different
mechanisms of action that do not directly target the DA

system could meet a large unmet clinical need in several
movement disorders.9,10

One possible non-DA-based treatment mechanism is
through the targeting of muscarinic acetylcholine receptors
(mAChRs).11,12 Acetylcholine (ACh) acting through mAChRs
has powerful neuromodulatory actions on the BG motor
circuit.10,13,14 Activation of mAChRs induces several actions to
oppose DA release, DA signaling, as well as related motor
behaviors. Consistent with these multiple actions on DA
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release and signaling, anti-mAChR therapy that targets each of
the five mAChR subtypes (M1−M5) equally has efficacy in
reducing the primary motor symptoms of PD and
dystonia.7,9,11−13,15−19 However, like DA-targeted therapies,
despite their efficacy, nonselective anti-mAChR therapy can
lead to serious on-target adverse effects that limit their
tolerability by patients.11,20

Recent pharmacological and genetic studies have made it
possible to define unique roles of individual mAChR subtypes
in motor disorders.10,17 These data raise the possibility that the
targeting of individual mAChR subtypes with truly selective
and specific pharmacological ligands may maintain the efficacy
but eliminate or reduce the adverse effects associated with
nonselective mAChR pharmacological agents.10 Several of the
peripheral adverse effects associated with nonselective
antimuscarinic agents are likely mediated by M2 and M3, and
central side effects centering around memory and cognition
may be due to M1.

9,10,17,21,22 However, recent studies using
first-in-class M4 positive allosteric modulators (PAMs) along
with genetic approaches suggest that potentiation of M4
signaling opposes DA signaling in the BG motor circuit via
multiple mechanisms. For example, potentiation of M4
activation in the dorsal striatum can cause a sustained
inhibition of DA release.19 Furthermore, M4 potentiation on
BG direct pathway terminals in the substantia nigra pars
reticulata (SNr), the primary BG output nucleus in rodents,
directly opposes dopamine receptor subtype 1 (D1) signaling
in these cells, leading to tonic inhibition of BG direct pathway
activity and reduced locomotion.15 Genetic deletion of M4
either globally or in D1DA-expressing spiny projection neurons
(D1-SPNs), which form the BG direct pathway, recapitulates

many of our pharmacological findings as well.16,18 Mice with
selective M4 deletion in D1-SPNs or globally are also more
sensitive to the prolocomotor effects of psychomotor
stimulants, have elevated basal DA levels, and are hyper-
locomotive.16,18 These genetic and pharmacological studies of
mAChR subtypes suggest that M4 may be the dominant
mAChR in the regulation of DA and locomotor activity and
that M4-selective inhibitors may maintain the efficacy seen with
nonselective anti-mAChR therapeutics in movement disorders
while reducing or eliminating their side effects.9

Directly testing the hypothesis that M4 antagonism will have
efficacy in movement disorders has been greatly limited due to
the lack of truly selective M4 inhibitors.

9 To evaluate whether
M4 underlies the efficacy of nonselective mAChR antagonists,
we report the discovery of a first-in-class series of M4-selective
antagonists. Utilizing knockout (KO) animals in conjunction
with these novel, selective M4 antagonists, our data support the
role of M4 in movement disorders and demonstrate the
antiparkinsonian and antidystonic efficacy of M4 antagonists in
preclinical models.

■ RESULTS
M4 Underlies the Antiparkinsonian and Prolocomo-

tor Efficacy of Anti-mAChR Compounds. To determine
which mAChR subtype or subtypes underlie the locomotor-
stimulating effects of the anti-mAChR agent scopolamine, we
first assessed the effects of multiple doses of scopolamine on
locomotor activity in wild-type (WT) mice.23 Mice were
placed into an open field chamber and allowed to habituate for
90 min while activity (total distance traveled in cm/5 min
bins) was recorded. After 90 min, scopolamine (0.1−3 mg/kg,

Figure 1. M4 underlies the antiparkinsonian and locomotor-stimulating effects of the muscarinic acetylcholine antagonist scopolamine.
Scopolamine induces a dose-dependent increase in locomotor activity (A, B), which persists in M1 knockout mice (C, E) but is largely absent in M4
knockout mice (D, E). Scopolamine significantly reverses haloperidol-induced catalepsy in wild-type mice (F), an effect that is absent in M4
knockout mice (G) but not in M1 knockout mice (H). N = 6−12 per group. One-way ANOVA with Dunnett’s or Tukey’s multiple comparison
posthoc test; * p < 0.05, ** p < 0.01, *** p < 0.001.
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10 mL/kg 10% Tween 80, intraperitoneal (i.p.)) was injected,
and total distance traveled was recorded (Figure 1A).
Scopolamine increased total distance traveled from 90 to 150
min in a dose-dependent manner, with the 3 mg/kg dose
showing maximal efficacy (Figure 1A,B; one-way ANOVA with
Dunnett’s posthoc test; F4,25 = 9.064; p < 0.0001). The
administration of 0.1 or 0.3 mg/kg (i.p.) of scopolamine did
not significantly increase locomotor activity (1346.0 ± 385.9
cm for vehicle, 509.7 ± 193.5 cm for 0.1 mg/kg scopolamine,
1322.0 ± 324.9 cm for 0.3 mg/kg scopolamine; Figure 1A,B; p
> 0.05). In contrast, 1 and 3 mg/kg of scopolamine induced a
significant increase in locomotor activity from 90 to 150 min
(1346.0 ± 385.9 cm for vehicle, 5272.0 ± 726.4 cm for 1 mg/
kg scopolamine, 6796.0 ± 1870.0 cm for 3 mg/kg scopol-
amine; Figure 1A,B; p < 0.05 for 1 mg/kg; p < 0.01 for 3 mg/
kg). We then repeated this procedure with 3 mg/kg
scopolamine (i.p.) in M1 or M4 global KO mice and compared
responses to their littermate controls. Similar to the previous
experiment, 3 mg/kg scopolamine significantly increased
distance traveled in WT littermate mice compared to
vehicle-injected WT littermate control mice (1786.0 ± 256.6
cm from 90 to 150 min for vehicle, 8952.0 ± 789.8 cm for 3
mg/kg scopolamine; one-way ANOVA with Tukey’s multiple
comparison posthoc test; F5,72 = 26.7; Figure 1C,E; p < 0.001).
In M1 knockout animals, 3 mg/kg scopolamine (i.p.) elicited a
hyperlocomotor response as compared to vehicle-treated M1
KO mice (2093.0 ± 388.1 cm for vehicle-treated M1 KO,
7357.0 ± 1427.0 cm for M1 KO after 3 mg/kg scopolamine;
Figure 1C,E; p < 0.001). In contrast, the scopolamine-induced

increase in locomotor activity observed in WT mice was largely
and significantly absent in M4 global KO animals (1492.0 ±
248.7 cm for vehicle-treated M4 KO mice, 3574.0 ± 407.3 cm
for M4KO administered 3 mg/kg scopolamine; Figure 1D,E; p
> 0.05). When compared to WT animals dosed i.p. with 3 mg/
kg scopolamine, M4 KO mice administered scopolamine had a
significantly reduced distance traveled from 90 to 150 min
(Figure 1E, p < 0.001). This suggests that M4 plays a dominant
role in mediating the scopolamine-induced increase in
locomotor activity.
We also examined if M4 was responsible for the

antiparkinsonian efficacy of scopolamine in a model of
parkinsonism with predictive validity for antiparkinsonian
efficacy, haloperidol-induced catalepsy (HIC).24 Similar to
the locomotor assay, we first performed a dose−response study
to find the dose of scopolamine that was maximally efficacious
in reducing catalepsy. 2 h after injection with haloperidol (1
mg/kg, 10 mL/kg, 0.25% lactic acid in water, i.p.) and a dose
of scopolamine (15 min before testing, 1−10 mg/kg, 10 mL/
kg, 10% Tween 80, i.p.), the latency of WT mice to remove
their forepaws from an elevated bar was assessed. Scopolamine
induced a dose-dependent reversal of HIC (Figure 1F, one-
way ANOVA with Dunnett’s posthoc test; F3,27 = 34.8, p <
0.0001, Figure 1F). In vehicle-treated mice, the mean latency
to withdraw was 210.9 ± 35.9 s. The administration of
scopolamine at all doses tested significantly reduced the mean
latency to withdraw in these mice, and the maximally
efficacious dose was again 3 mg/kg (23.4 ± 6.7 s for 1 mg/
kg, 4.4 ± 2.3 s for 3 mg/kg, 2.9 ± 1.8 s for 10 mg/kg; Figure

Scheme 1. Final Compounds
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1F, *** p < 0.0001). This dose of scopolamine was then used
in the same assay in global M4 KO mice and WT littermate
controls. In WT littermate controls, 3 mg/kg scopolamine
(i.p.) significantly reversed catalepsy (155.9 ± 25.3 s for
vehicle, 6.1 ± 1.4 s for 3 mg/kg scopolamine; one-way
ANOVA with Dunnett’s; F3,34 = 8.7, p = 0.0002; Figure 1G,
***p < 0.001). Vehicle-treated M4 global KO mice
demonstrated a similar cataleptic behavior to vehicle-treated
WT littermates (151.9 ± 28.9 s for M4KO vs 155.9 ± 25.3 s for
WT vehicle; Figure 1G, p > 0.05). The administration of 3
mg/kg of scopolamine to M4 KO animals did not significantly
reduce the mean latency to withdraw compared to WT vehicle-
treated mice (113 ± 29.5 s for M4KO; p < 0.05, Figure 1G).
We additionally repeated these experiments in M1 KO animals
and littermate controls. 3 mg/kg scopolamine significantly
reversed the cataleptic phenotype in both littermate controls
and M1 KO animals (WT, 281.3 ± 37.5 s for vehicle, 9.8 ± 5.9
s for scopolamine, M1 266.7 ± 51.72 s for vehicle, 76.33 ±
111.4 s for scopolamine; one-way ANOVA with Dunnett’s;
F3,19 = 17.34, p < 0.0001; Figure 1H, ***p < 0.001). Taken
together, these data indicate that M4 is the primary mAChR

responsible for the antiparkinsonian efficacy of the nonselective
anti-mAChR antagonist, scopolamine, in HIC.

Discovery and Synthesis of First-in-Class M4-Selec-
tive Antagonists. Our data implicating M4 as the primary
mAChR subtype responsible for the locomotor-stimulating and
antiparkinsonian effects of scopolamine gave clear rationale for
the development of the first truly selective M4 antagonist tool
compounds. Utilizing a recently reported partially selective
antimuscarinic compound PCS1055,25 a human M4 preferring
antagonist with potent acetylcholinesterase activity, as a
starting point, we devoted significant medicinal chemistry
efforts to discover a novel, first-in-class series of selective M4
antagonists. Here, we report novel, M4 antagonists with
balanced activity at both human and rat M4 receptors that were
devoid of acetylcholinesterase activity and engendered in vitro
and in vivo drug metabolism and pharmacokinetic (DMPK)
profiles suitable for in vivo proof of concept studies. Final
compounds were prepared as described in Scheme 1, and
structures are reported in Figure 2. Briefly, exo-amine (1)
(prepared as previously reported26) underwent nucleophilic
aromatic substitution (SNAr) with 3,6-dichloropyridazine (2)

Figure 2. Structure of highly optimized M4 antagonists. Chemical structures of novel M4 antagonists.

Figure 3. Potency, selectivity, and binding affinity of VU6013720, VU6021302, and VU6021625. Potencies were determined by adding a
concentration−response curve of M4 antagonist followed by an EC80 of acetylcholine in human, rat, or mouse M4-expressing CHO cells. (A−C)
VU6013720, VU6021302, and VU6021625 induced a concentration-dependent inhibition of the release of calcium. The selectivity of these M4
antagonists was evaluated by adding a concentration−response curve of compound followed by an EC80 of acetylcholine in M1, M2, M3, M4, or M5
expressing CHO cells. Competition binding assay of this series of compounds with [3H]-NMS in rat (G) or mouse (H) M4-expressing CHO cell
membranes. Data represent the mean ± SEM of 3 independent experiments performed in duplicate.
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to give chloropyridazine 3. Boc-deprotection, followed by
reductive amination with tetrahydro-2H-pyran-4-carbaldehyde
(4), gave 5, which was then substituted via either Suzuki−
Miyaura coupling to give 6 (VU6013720) and 7 (VU6021625)
or SNAr to give 8 (VU6021302). Analogues can also be
synthesized by first substituting chloropyridazine 5 (under
identical conditions for the generation of 6−8), followed by

Boc-deprotection and reductive amination. Detailed methods,
1H NMR, and 13C NMR for each final compound (6−8) and
intermediates are described in the Supporting Information.

Pharmacological Characterization of VU6013720,
VU6021302, and VU6021625. To understand the potency
and selectivity of our novel series of compounds, we tested
VU6013720, VU6021302, and VU6021625 in a calcium

Table 1. Fold Selectivity of VU6013720, VU6021302, and VU6021625; Fold Selectivity of M4 Antagonists over Other
Muscarinic Acetylcholine Receptors and a Summary of IC50 Values (Data Derived from Graphs in Figure 3)

compound human M4 rat M4 rat M1 rat M2 rat M3 rat M5

VU6013720 IC50 (nM) [pIC50 ± SEM] 0.59 [9.23 ± 0.04] 20 [7.71 ± 0.19] 1700 [5.76 ± 0.04] 670 [6.17 ± 0.04] >10 000 >10 000
fold selectivity 85 34 >100 >100

VU6021302 IC50 (nM) [pIC50 ± SEMI] 1.8 [8.75 ± 0.05] 70 [7.15 ± 0.10] >10 000 2500 [5.61 ± 0.10] >10 000 >10 000
fold selectivity >100 36 >100 >100

VU6021625 IC50 (nM) [pIC50 ± SEM] 0.44 [9.36 ± 0.13] 57 [7.25 ± 0.06] 5500 [5.26 ± 0.16] 3200 [5.50 ± 0.02] >10 000 >10 000
fold selectivity 96 56 >100 >100

Figure 4. VU6021625 reversed muscarinic-induced deficits in dopamine release and signaling. (A) Sample traces of miniature inhibitory
postsynaptic currents (mIPSCs) during baseline (top) and following the bath application of 10 μM VU6021625 (bottom). (B) Inhibition of M4
activity by VU6021625 significantly increased mIPSC frequency (paired t test, *p < 0.05, n = 5 cells). (C) Sample traces of mIPSCs during baseline
(top), bath application of the nonselective mAChR agonist oxotremorine-M (Oxo-M) (middle), or bath application of 10 μM Oxo-M +
VU6021625 (bottom). Bath application of VU6021625 completely blocked the change in frequency induced by Oxo-M, paired t test, **p < 0.01
(C−D, n = 5−7 cells/group). Sample traces (E) and time-courses (F) of Oxo-M-induced inhibition of DA release in the absence or presence of the
M4-selective antagonist VU6021625. (G) Bar graph summary depicting the % inhibition of DA release observed under different conditions from 30
to 40 min (n = 6−7, * p < 0.005, two tailed Mann−Whitney test, n = 5−7 slices per group). (H) Time-course of M4-mediated effects obtained
from subtracting the mean values for the time-course in absence of antagonist from the mean values of the time-course in the presence of
VU6021625.
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mobilization assay in cell lines that express individual mAChR
receptors.27,28 First, we examined the potency of each
compound in blocking the effects of an EC80 concentration
of ACh, using calcium mobilization in CHO cell lines that
express either rat or human M4 as a readout. The receptor
density of each mAChR subtype in our stable cell lines is
shown in Table S1. Each of the novel M4 antagonists inhibited
the response to ACh with the IC50 values listed for
VU6013720 (rM4IC50 = 20 nM, hM4IC50 = 0.59 nM),
VU6021302 (rM4IC50 = 70 nM, hM4IC50 = 1.8 nM), and
VU6021625 (rM4IC50 = 57 nM, hM4IC50 = 0.44 nM) (Figure
3A−C and Table 1). Interestingly, this series of compounds is
more potent at human M4 than rat M4.
We then repeated these calcium mobilization assays in cell

lines that express the rat M1, M2, M3, or M5 receptors to
examine the selectivity of these compounds relative to other
mAChR subtypes. VU6013720, VU6021302, and VU6021625
all show IC50 values >10 000 nM at rM3 and rM5 in calcium
mobilization assays, and each compound shows functional
selectivity >100 fold for rM4 relative to rM3 and rM5 (Figure
3D−F and Table 1). At rM1, VU6013720 has an IC50 = 1700
nM displaying ∼85 fold selectivity, VU6021302 an IC50 >
10 000 nM displaying >100 fold selectivity, and VU6021625 an
IC50 = 5500 nM displaying ∼96 fold selectivity (Figure 3D−F
and Table 1). The greatest challenge for this series of
compounds was selectivity with regard to M2. At rat M2,
VU6013720 has an IC50 = 670 nM displaying ∼34 fold
selectivity, VU6021302 an IC50 = 2500 nM displaying ∼36 fold
selectivity, and VU6021625 an IC50 = 3200 nM displaying ∼56
fold selectivity over M2 (Figure 3D−F and Table 1).
The binding properties of these M4 antagonists at the rat M4

receptor were evaluated by equilibrium [3H]-NMS competi-
tion assays using membranes harvested from CHO cells stably
expressing the rat M4 receptor (Figure 3G). Similar to
atropine, VU6021625, VU6021302, and VU6013720 all fully
displaced [3H]-NMS binding from the M4 receptors in a
concentration-dependent manner with Ki values of 11.4 ±
2.24, 11.7 ± 2.01, and 1.5 ± 0.15 nM, respectively.
VU6021625 was also evaluated at the M4 mouse receptor
(Figure 3H) demonstrating an affinity similar to rat of 9.6 ±
1.17 nM. These data also suggest that this series of compounds
may interact competitively with the orthosteric binding site,
although additional studies will be required to confirm this,
and will be included in a subsequent publication.
Due to the overall selectivity, especially with regard to M2,

and potency profile of VU6021625, we chose this as our lead
tool compound and submitted this compound for ancillary
pharmacology profiling. We examined VU6021625 in the
Eurofins radioligand binding panel that utilizes 78 separate G
protein-coupled receptors (GPCRs), ion channels, and trans-
porters. With this assay, which screened VU6021625 binding
to this panel of targets at 10 μM, we observed little off target
binding (see Table S2). Outside of mAChRs, only the
histamine H3 receptor showed appreciable binding (88%
radioligand displacement), and modest binding to nicotinic
α3β4 and serotonin 5-HT2B receptor was also observed (55%
and 53% displacement, respectively, Table S2). With this
overall potency, selectivity, and specificity profile, VU6021625
represents an excellent first-in-class tool compound to examine
the effects of M4 antagonism.
VU6021625 ex Vivo Blocks mAChR-Induced De-

creases in D1-SPNs Activity and DA Signaling. Previously,
using M4 positive allosteric modulators and global or

conditional M4 KO animals in ex vivo electrophysiology
studies, we have shown that M4 activation can tonically inhibit
the BG direct pathway/D1-SPNs as and induce a sustained
inhibition of DA release.15,19 Using our new tool M4 antagonist
compound VU6021625, we examined its ability to reverse
electrophysiological measures of M4 inhibition of direct
pathway activity and DA release. First, as previously described,
we used whole-cell electrophysiology to patch into GABAergic
cells of the SNr and recorded miniature inhibitory postsynaptic
currents (mIPSCs) to examine direct pathway neurotransmit-
ter release probability.15 After recording a baseline period of 5
min, we bath applied 10 μM VU6021625 and recorded mIPSC
frequency. Inhibition of M4 activity in the direct pathway
increased mIPSC frequency by ∼40%, indicating that M4
tonically inhibits the BG direct pathway and that removal of
this inhibition increases direct pathway output, as would be
predicted by our previous work (Figure 4A,B, paired t test, *p
< 0.05). To further evaluate effects of VU6021625 on mAChR
mediated inhibition of transmission from D1-SPN terminals,
we again recorded mIPSCs but bath applied 10 μM of the
nonselective mAChR agonist oxotremorine-M (Oxo-M),
which decreased D1-SPN mIPSC frequency by ∼20% (Figure
4C,D). We have previously shown that the effects of Oxo-M at
this synapse are mediated exclusively by M4.

15 However, it is
possible, although unlikely, that there are non-M4 mediated
mechanisms at this synapse that are attributable to the modest
off-target binding of VU6021625 to other receptors such as the
histone H3 receptor (Table S2). Bath application of
VU6021625 completely blocked this effect, indicating that
M4 antagonism can block tonic activation of M4 by
endogenous ACh as well as M4-mediated effects on inhibitory
transmission in the direct pathway that are induced by
exogenously added agonists (Figure 4C,D, paired t test, **p <
0.01).

Application of the M4-Selective Antagonist
VU6021625 Unmasks a Robust Oxo-M-Dependent
Increase in DA Release. Beyond the effects of M4 inhibition
of direct pathway activity, we also previously found that M4
potentiation causes a sustained inhibition of DA release in the
dorsal striatum.19 To determine the ability of the M4 receptor
to modulate striatal DA release, we monitored Oxo-M
mediated changes in electrically evoked DA via fast-scan cyclic
voltammetry in the dorsolateral striatum in the absence or
presence of VU6021625 (Figure 4E−G). All experiments
reported here were performed in the presence of nicotinic
acetylcholine receptor (nAChR) antagonist (DhβE; 1 μM) to
remove nAChR-mediated DA release. In the absence of M4
antagonism, we saw a transient increase in DA when Oxo-M
was applied followed by a sustained inhibition after drug
washout (sustained inhibition of −12.64 ± 3.18% of baseline
DA release). The inclusion of VU6021625 (3 μM) caused an
increase in the amount of DA release (Figure 4F) and
significantly reversed the direction of Oxo-M effects on DA
release observed after Oxo-M washout resulting in a net
increase in DA release (sustained increase of 9.45 ± 4.28% of
baseline DA release; Figure 4G). To determine the specific
contribution of M4 receptor activation on DA release, we
subtracted the mean values of the Oxo-M time-course obtained
in the absence of any antagonist from the mean values
obtained in the presence of VU6021625 (Figure 4H), which
revealed a rapid onset of M4-mediated inhibition of DA release
that was sustained at time-points well after Oxo-M had washed
out of the bath.
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The results obtained with VU6021625 in fast-scan cyclic
voltammetry support our previous finding that M4 receptor
activation can induce a sustained inhibition of DA release in
the dorsolateral striatum in the presence of nAChR
antagonists.17 Unlike our previous report where Oxo-M
induced a suppression at all time-points examined, we found
that 30 μM Oxo-M alone caused a transient increase in DA
release followed by a sustained inhibition. However, in the
presence of VU6021625, an Oxo-M-induced increase in DA
release was observed at all time-points (Figure 4). While this is
consistent with M4 receptor activation leading to a sustained
inhibition of DA release, the identity of the mAChR subtype
mediating this increase in DA release is still not known. Studies
in the nucleus accumbens have shown that M5 receptors can
mediate an enhancement of DA release in this brain area
raising the possibility that M5 receptors may also be able to
increase DA release in the dorsolateral striatum. These results
suggest that there could be a competition between different
mAChR-subtypes in the striatum with activation of some
subtypes leading to inhibition of DA release while activation of
other mAChR subtypes could lead to a potentiation. Future
studies will be needed to gain critical insights into what
mAChR subtypes mediate these increases in DA release in the
dorsolateral striatum and elucidate if there are physiological
conditions that favor the activation of DA inhibiting mAChRs
and DA potentiating mAChRs.
VU6021625 Possesses DMPK Properties Suitable for

in Vivo Use. Before use in animal models of parkinsonism and
dystonia, we assessed the DMPK properties of VU6021625 to
determine if VU6021625 was suitable for in vivo use in rodents
and to inform the dosing paradigms for behavioral studies.
Mouse plasma and brain pharmacokinetics (PK) were
obtained over a 7 h time-course following a single 1 mg/kg
i.p. dose (vehicle: 20% β-cyclodextrin 80% water [w/v]; 10
mL/kg body weight) to male, C57Bl/6J mice (n = 3 per time
point) (Figure 5A). The maximum total concentration of the
compound in plasma (Cmax,total) was 170 ng/mL (393 nM)
with a time-to-reach Cmax (Tmax) of 0.25 h. In brain, a Cmax,total
of 31.6 ng/mL (73.0 nM) was observed with a Tmax of 1 h. The
distribution to brain from plasma on an area-under-the-curve
(AUC)-based total concentration basis (Kp) was moderate
(0.25, Figure 5A).
Rat plasma and brain PK were obtained over a 5 h time-

course following a single 10 mg/kg per oral (p.o.) dose
(vehicle: 0.5% methylcellulose 99.5% water [w/v]; 10 mL/kg
body weight) to male, Sprague−Dawley rats (n = 3 per time

point) (Figure 5B). The total Cmax in plasma was 586 ng/mL
(1350 nM) with a Tmax of 5 h. The total Cmax in the brain was
282 ng/mL (652 nM) with a Tmax of 5 h. The AUC-based total
brain distribution was moderate (Kp = 0.35) while unbound
distribution was low (Kp,uu = 0.13) based on in vitro rat plasma
and brain homogenate binding data (fuplasma = 0.563, fubrain =
0.206) from equilibrium dialysis assays.
In light of the low brain:plasma Kp,uu observed in the rat

study, potential P-glycoprotein (P-gp) substrate activity of
VU6021625 was evaluated using an in vitro bidirectional efflux
assay with MDCK-MDR1 cells (performed via contract by
Absorption Systems LLC [Exton, PA]). This experiment
revealed a high efflux ratio (ER) of 71 indicating that the
compound is subject to P-gp-mediated active efflux (Table 2).

However, an absolute unbound brain concentration (134 nM)
>2-fold higher than the compound’s in vitro rat M4 potency
was achieved in the rat PK study thereby demonstrating its in
vivo utility despite P-gp efflux.

VU6021625 Does Not Induce Hyperlocomotion. To
test if VU6021625 could induce a hyperlocomotor state similar
to that of scopolamine, we utilized both mice and rats and
performed experiments similar to those in Figure 1A−E. After
a habituation period of 90 min in WT mice (Figure 6A,B) or
30 min in Sprague−Dawley Rats (Figure 6C,D), rodents were
injected i.p. with 3 mg/kg scopolamine or 3 mg/kg
VU6021625, and locomotion was observed. Similar to what
we reported in Figure 1A−E, scopolamine in both mice and
rats caused marked, significant increases in locomotion (Figure
6B, mice vehicle 2440 ± 712.9 cm versus 10 951 ± 3057 cm
for scopolamine with Dunnett’s posthoc test, F2,35 = 67.73, p <
0.0001; rats vehicle 5121 ± 766.7 cm versus 8666 ± 2995 cm
for scopolamine, one-way ANOVA with Dunnett’s posthoc
test, F2,21 = 14.55, p = 0.0001, **p < 0.01, ***p < 0.001).
However, VU6021625, unlike scopolamine, did not induce a
hyperlocomotor-like state in either mice or rats (Figure 6B,

Figure 5. In vivo pharmacokinetics of VU6021625. Plasma and brain concentrations of VU6021625 were measured following systemic
administration (1 mg/kg, 10 mL/kg, i.p.) in mice (A) and (10 mg/kg, 10 mL/kg, p.o.) in rats (B). SD = Sprague−Dawley. N = 3 animals per
group.

Table 2. Pharmacokinetic Properties and Summary of in
Vivo and in Vitro Characteristics of VU6021625

property value

MDCK-MDR1 (efflux ratio) 71
fu brain (r) 0.206
fu plasma (r) 0.563
kinetic solubility (μM) 95.1 ± 10.3 (pH 2.2)

90.8 ± 9.62 (pH 6.8)
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mice vehicle 2440 ± 712.9 cm versus 2787 ± 1574 cm for
VU6021625 with Dunnett’s posthoc test, F2,35 = 67.73, p >
0.05; rat vehicle 5121 ± 766.7 cm versus 3746 ± 1034 cm for
VU6021625, one-way ANOVA with Dunnett’s posthoc test,
F2,21 = 14.55, p = 0.0001; NS, not significant). Additionally,
unlike scopolamine, VU6021625 did not alter spontaneous
locomotion in mice or rats (Figure S1). This suggests that M4
may be necessary but not sufficient to stimulate locomotion, a
more nuanced role for M4 in influencing locomotion, or that
M4 may preferentially interact with basal ganglia motor loops
that are disturbed in the disease state.
VU6021625 Has Antiparkinsonian Efficacy. To test if

VU6021625 has antiparkinsonian efficacy as expected from our
data presented in Figure 1, we utilized the HIC animal model
of parkinsonian motor deficits. Vehicle-treated mice displayed
a mean latency to withdraw their forepaws of 202.4 ± 16.6 s.
Administration of 0.3 mg/kg VU6021625 did not significantly
reduce catalepsy in these mice (159.0 ± 27.3 s, Figure 7A,B, 10
mL/kg, 20% (2-hydroxypropyl)-β-cyclodextrin (HPBCD), i.p;
one-way ANOVA with Dunnett’s posthoc test, F3,44 = 8.6, p >
0.05). However, administration of 1 or 3 mg/kg VU6021625
i.p. significantly reversed cataleptic behavior (60.7% and 63.3%,
respectively) when compared to vehicle-treated mice (79.6 ±
20.2 s for 1 mg/kg, 74.3 ± 19.5 for 3 mg/kg, Figure 7A,B; 10
mL/kg, 20% HPBCD, i.p; one-way ANOVA with Dunnett’s
posthoc test, F3,44 = 8.6, p < 0.0001). To benchmark these

values obtained with VU6021625 with the nonspecific mAChR
antagonist, scopolamine, we repeated catalepsy testing in WT
animals. The maximally efficacious dose of scopolamine of 3
mg/kg significantly reversed the cataleptic phenotype by 92.7%
(Figure S2A, 197.2 ± 102.2 s for vehicle, 14.33 ± 8.897 s for 3
mg/kg scopolamine, i.p., two-way t test, t = 6, df = 22, p <
0.001). Additionally, to ensure that VU6021625 had on-target
efficacy, we repeated catalepsy testing in a small number of M4
KO mice. Similar to what was observed in WT mice,
VU6021625 significantly reversed HIC in the M4 littermate
control mice. However, we did not observe a significant
reversal of catalepsy between vehicle- and VU6021625-treated
groups in M4 KO mice (Figure S2B, 142.2 ± 80.74 s for
vehicle, 193.8 ± 131.1 s for 3 mg/kg VU6021625, i.p., one-way
ANOVA with Dunnett’s posthoc test, F3,38 = 4.135, p > 0.05).
This suggests that the majority of efficacy seen with
scopolamine and VU6021625 can be attributed to on-target
inhibition of M4.
In order to demonstrate that this was not a species-specific

effect, VU6021625 was also tested in a rat HIC model. In rats,
VU6021625 reduced the cataleptic phenotype in this model at
the same doses needed for efficacy in mice. Vehicle-treated rats
exhibited a mean latency to withdraw of 43.6 ± 4.8 s. The
administration of 0.3 mg/kg VU6021625 did not significantly
reduce mean latency to withdraw in these rats (30.9 ± 5.7 s,
Figure 7C,D, 1 mL/kg, 10% Tween 80/0.5% methylcellulose,

Figure 6. VU6021625 does not increase locomotor activity in normal, drug naiv̈e rodents. Unlike scopolamine (3 mg/kg, i.p.), VU6021625 (3 mg/
kg, i.p.) does not increase locomotor activity in either mice (A, B) or rats (C, D) (A, C, time activity curve; B, D, total distance traveled after
vehicle, VU6021625, or scopolamine administration). Mouse N = 12 per group. Rat N = 8 per group. One way ANOVA with Dunnett’s posthoc
test **p < 0.01, ***p < 0.001; NS, not significant.
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i.p.; one-way ANOVA with Dunnett’s posthoc test, F3,36 = 10.9,
p < 0.05). The administration of 1 or 3 mg/kg significantly
reversed cataleptic behavior when compared to vehicle-treated
rats (15.0 ± 2.7 s for 1 mg/kg, 13.7 ± 3.3 for 3 mg/kg; Figure
7C,D, 1 mL/kg, 10% Tween 80/0.5% methylcellulose, i.p.;
one-way ANOVA with Dunnett’s posthoc test, F3,36 = 10.9,
***p < 0.001). This equated to a significant reversal of
catalepsy with 1 mg/kg or 3 mg/kg VU6021625 (29.1 ± 13.0%
reversal for 0.3 mg/kg, 65.6 ± 6.2% reversal for 1 mg/kg, 68.8
± 7.7% reversal for 3 mg/kg; one-way ANOVA with Dunnett’s
posthoc test, Figure 7D, ***p < 0.001). The minimum
effective dose for VU6021625 in this assay was also 1 mg/kg.
Additionally, we collected plasma and brain samples at the end
of the rat behavioral study to determine the concentration of
VU6021625 by LC-MS/MS analysis. At the 1 and 3 mg/kg
dose levels, the compound reached unbound brain concen-
trations of 12.3 and 34.2 nM, respectively (Table 3). These

concentrations align well with the potency of this compound at
rat M4, are well below the potency of the other four mAChR
subtypes (Table 1), and indicate that VU6021625 has
antiparkinsonian efficacy in mouse and rat models at exposure
levels selective for M4.

VU6021625 Has Antidystonic Efficacy. Trihexyphenid-
yl, a nonselective mAChR antagonist, is the only oral
medication for dystonia that has been proven effective in a
double-blind, placebo-controlled clinical trial.11,12 To deter-
mine if VU6021625 is also effective, we tested a genetic model
of DOPA-responsive dystonia (DRD) that carries a point
mutation in the mouse tyrosine hydroxylase gene that
diminishes DA synthesis and release and is synonymous with
human forms of the disease.29 The abnormal dystonic
movements in DRD mice are ameliorated by trihexyphenidyl,
similar to human patients.29 Administration of VU6021625
(1−3 mg/kg, 10 mL/kg, 1% Tween80, i.p.) significantly
reduced the dystonic movements observed in DRD mice at the
3 mg/kg dose (Figure 8, repeated measures ANOVA, F3,21 =
4.85, Dunnett’s multiple comparisons post hoc test, *p < 0.05),
providing similar efficacy to trihexyphenidyl (paired t test,
***p < 0.001). These data demonstrate that VU6021625 has
antidystonic efficacy in this mouse model, as well as
antiparkinsonian efficacy.

■ DISCUSSION

We report the discovery and characterization of a novel class of
M4 antagonists that mark a major advance in the selectivity and
specificity over previously reported compounds. For example,
tropicamide, widely reported as M4-selective in the literature,

Figure 7. VU6021625 displays antiparkinsonian efficacy. Systemic administration of VU6021625 demonstrates dose-dependent efficacy in the
haloperidol-induced catalepsy animal model of parkinsonian motor deficits in both mice (A, B) and rats (C, D) with a minimal effective dose of 1
mg/kg in both species. N = 8−10, per group. One-way ANOVA with Dunnett’s posthoc test; *** p < 0.001.

Table 3. Pharamacokinetic−Pharmacodynamic Relationship
of VU6021625a

VU6021625 HIC dose response

dose (mg/kg) brain unbound (nM)

0.3 4.8
1 12.3
3 34.2

aUnbound brain drug concentrations of VU6021625 after catalepsy
testing. At the minimally efficacious dose (1 mg/kg), drug exposure
reaches levels that are consistent with selectivity in vitro. Data derived
from graphs in Figure 3C,D. N = 8−10 per condition.
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has equal binding to M2 and approximately displays about a
half log of selectivity over M1, M3, and M5.

30 Other more
recently reported compounds, such as PD102807, show >100
fold selectivity with respect to binding but have not
demonstrated this level of selectivity in functional assays.31

Additionally, PCS1055, while showing modest to good
selectivity in functional and binding assays, possesses off target
activity as an antagonist of acetylcholinesterase.25 The most
potent and selective of our compounds, VU6021625, has
greatly improved pharmacological properties over these
previously reported compounds with increased functional
and binding selectivity with only micromolar-level off-target
activity. Importantly, VU6021625 exhibits the ability to reverse
effects of mAChR agonists on BG activity and DA release in
mouse brain slices and to exert antiparkinsonian and
antidystonic efficacy in pharmacological and genetic animal
models of movement disorders. Furthermore, in these models,
we have established a PK−PD relationship that demonstrates
that, at doses required for efficacy, unbound brain concen-
trations of VU6021625 are well within the selectivity range
that VU6021625 possesses over other mAChRs. These
findings, as well as our data utilizing genetic KO mice of M4
with nonselective compounds, implicate M4 as the primary
mAChR subtype that mediates the antiparkinsonian and
antidystonic effects of nonselective anti-mAChR antagonists.
However, it is possible that other mAChRs, namely M1, may
also play a modulatory role to muscarinic antiparkinsonian
efficacy as well.32

The ability of VU6021625 to reverse the cataleptic
phenotype in HIC studies suggests that M4-selective
antagonists may be beneficial in removing hypokinetic aspects
of parkinsonian motor deficits, such as bradykinesia and
rigidity. Testing the role of M4-selective antagonists in other
rodent models as well as other aspects of parkinsonian motor

impairments including tremor and gait disturbances will be key
to understanding the extent of antiparkinsonian effects of M4
antagonists. Nonselective mAChR antagonists have also shown
efficacy in reducing the prevalence of some of these other
parkinsonian motor symptoms. A mechanistic determination of
the specific role of M4 antagonism in the efficacy of these
nonselective compounds in treating other parkinsonian
symptoms will be critical to understanding the potential utility
of M4 antagonists as a monotherapy in PD. For example, M4
potentiation using VU0467154 has been previously shown to
relieve dyskinesia induced by chronic L-DOPA administra-
tion,33 suggesting that, in treatment-induced abnormal move-
ments in PD, M4 activity may be low in the dyskinetic state.9

Whether M4 antagonists would further exacerbate dyskinesia,
or if repeated administration of M4 antagonists could cause
dyskinesia, remains to be tested. A greater understanding of the
ability of M4 to cause or alter abnormal movements will be
important to understanding the full potential utility of M4
antagonists in the treatment of movement disorders.
While the etiology of dystonia is complex,5 a number of

genes have been shown to be causative for dystonia.34 Some of
these genes, such as the genes which are causative for DRD,
have clear links to the synthesis, degradation, or signaling of
DA.6,29,35 However, several genetic forms of dystonia, such as
Dyt1, have no clear link to DA, although some mouse models
of these genetic forms of dystonia do show DA deficits.36,37

Similar to trihexyphenidyl, which is used clinically to treat
movement disorders, VU6021625 reduces abnormal move-
ments in one of these DA-focused models of dystonia.
Whether VU6021625 can relieve behavioral and pathological
correlates of dystonia in other forms of genetic dystonia not
linked to DA, as well as in other DA linked models, has yet to
be determined but will be critical to our understanding of the
range of utility of M4 antagonism in dystonia as well as
mechanistically understanding the etiology of different forms
of dystonia.
Previously, we have utilized M4-selective positive allosteric

modulators in conjunction with genetic animal models to
elucidate the possible mechanisms through which M4
inhibition may be exerting antiparkinsonian and antidystonic
efficacy.9,15,19,27,38 We, and others, have identified a number of
pathways within the basal ganglia that are powerfully
modulated by M4 activity and have been implicated in the
pathological changes associated with PD and dystonia. These
include M4 activation leading to a sustained inhibition of DA
release,19 directly inhibiting D1DA receptor signaling,15

decreasing corticostriatal glutamate release,39 and modulating
striatal plasticity.33 VU6021625 removing or reducing M4
activity at these synapses and circuits, as suggested through
our ex vivo electrophysiology experiment, may mechanistically
underlie the efficacy observed in our models of parkinsonian or
dystonic motor deficits. However, this will need rigorous
testing in multiple animal models of movement disorders.
Our data using nonselective mAChR antagonists in

conjunction with M4 knockout animals, as well as the use of
VU6021625 in wild-type rodents, raise interesting questions on
the role of M4 on influencing locomotion. While it is clear from
the knockout studies that genetic removal of M4 reduces the
hyperlocomotor response to scopolamine, VU6021625 does
not increase locomotor activity upon administration of doses
that do have antiparkinsonian or antidystonic efficacy. This
raises several possibilities. One possibility is that M4 is
necessary but not sufficient to induce locomotion. Also, it

Figure 8. VU6021625 displayed antidystonic efficacy. Using a genetic
model of DOPA-responsive dystonia (DRD), we demonstrated that
VU6021625 significantly reduced abnormal movements observed in
these mice with a minimal effective dose of 3 mg/kg (1−3 mg/kg, 10
mL/kg, 1% Tween 80, i.p.; repeated measures ANOVA with
Dunnett’s multiple comparisons post hoc test; * p < 0.05), providing
similar efficacy to trihexyphenidyl (THP, paired t test compared to
vehicle, *** p < 0.001, N = 8).
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may be possible that the role of M4 in regulating basal ganglia
motor loops is more nuanced with a role in sustaining or
permitting locomotion, but not necessarily initiating locomo-
tion.
One important consideration is the possible on-target

adverse effects that inhibition of M4 may elicit.9 Beyond the
possibility of M4 antagonists exacerbating or inducing
dyskinesia in PD patients, there are a number of theoretical
on-target adverse effects that could be induced through M4-
selective antagonists. While M1 appears to be the mAChR
subtype that underlies the majority of procognitive efficacy
observed with mAChR agonism,40 we have seen procognitive
efficacy with M4PAMs that are likely related to a role for M4 in
modulating cortical circuits.27,41 This raises the possibility that
M4 antagonism may cause decreased cognitive ability or
modulate other aspects of cognition, learning, or memory.
Another possibility is that, through relieving M4 inhibition of
dopamine release, this could cause an abuse liability with M4
antagonists. However, similar to mechanistically understanding
how VU6021625 relieves parkinsonian and dystonic motor
deficits, understanding the on-target adverse effects will require
further rigorous testing.
VU6021625 represents a major advance in the discovery of

selective M4 antagonists and provides the first highly selective
M4 antagonist tool compound that can be used to explore the
role that M4 plays in movement disorders in vivo. Our initial
data support the hypothesis that M4 blockade may underlie a
majority of the efficacy observed with nonselective anti-
mAChR therapeutics in movement disorders. The develop-
ment of this in vivo tool compound enables a number of
studies that will help with understanding the role of M4 in the
treatment and etiology of several movement disorders. These
data will provide a critical preclinical rationale for the further
development and optimization of M4 antagonists, and the
selective blockade of M4 represents a potential novel treatment
mechanism to meet the huge unmet clinical need across several
movement disorders.

■ METHODS
General Chemistry Methods. All reactions were carried

out employing standard chemical techniques under an inert
atmosphere. Solvents used for extraction, washing, and
chromatography were HPLC grade. All reagents were
purchased from commercial sources and were used without
further purification. Low-resolution mass spectra were
obtained on an Agilent 6120 or 6150 with UV detection at
215 and 254 nm along with ELSD detection and electrospray
ionization, with all final compounds showing >95% purity and
a parent mass ion consistent with the desired structure. All
NMR spectra were recorded on a 400 MHz Brüker AV-400
instrument. 1H chemical shifts are reported as δ values in ppm
relative to the residual solvent peak (MeOD = 3.31). Data are
reported as follows: chemical shift, multiplicity (br = broad, s =
singlet, d = doublet, t = triplet, q = quartet, p = pentet, dd =
doublet of doublets, ddd = doublet of doublet of doublets, td =
triplet of doublets, dt = doublet of triplets, m = multiplet),
coupling constant, and integration. 13C chemical shifts are
reported as δ values in ppm relative to the residual solvent peak
(MeOD = 49.0). Automated flash column chromatography
was performed on a Biotage Isolera 1 and a Teledyne ISCO
Combi-Flash system. Microwave synthesis was performed in a
Biotage Initiator microwave synthesis reactor. RP-HPLC
purification of final compounds was performed on a Gilson

preparative LC system. For detailed instructions on the
synthesis of each compound, see Scheme S1.

Calcium Mobilization Assays. Compound-evoked de-
creases to an EC80 concentration of ACh in intracellular
calcium were measured using Chinese hamster ovary (CHO)
cells stably expressing mouse, rat, or human muscarinic
receptors (M1−M5; M2 and M4 cells were cotransfected with
Gqi5). Cell culture reagents were purchased from Gibco-
ThermoFisher Scientific (Waltham, MA) unless otherwise
noted. Cells (15 000 cells/20 μL/well) were plated in Greiner
black wall/clear bottom 384-well plates in F12 medium
containing 10% FBS, 20 mM 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES), and 1× antibiotic/anti-
mycotic. The cells were grown overnight at 37 °C in the
presence of 5% CO2. The next day, the medium was removed
and replaced with 20 μL of 1 μM Fluo-4, AM (Invitrogen,
Carlsbad, CA) prepared as a 2.3 mM stock in dimethyl
sulfoxide (DMSO) and mixed in a 1:1 ratio with 10% (w/v)
pluronic acid F-127 (Invitrogen, Carlsbad, CA) and diluted in
assay buffer [Hank’s balanced salt solution (HBSS), 20 mM
HEPES, 4.16 mM sodium bicarbonate (Sigma-Aldrich, St.
Louis, MO), and 2.5 mM probenecid (Sigma-Aldrich, St.
Louis, MO)] for 50 min at room temperature. Dye was
removed and replaced with 20 μL of assay buffer. Compounds
were serially diluted 1:3 into 10 point concentration response
curves in DMSO using the AGILENT Bravo liquid handler
(Atlantic Lab Equipment, Santa Clara, CA), transferred to
daughter plates using an Echo acoustic plate reformatter
(Labcyte, Sunnyvale, CA), and diluted in assay buffer to a 2×
final concentration. Ca2+ flux was measured using a Functional
Drug Screening System 6000 or 7000 (FDSS6000/7000,
Hamamatsu, Japan). After the establishment of a fluorescence
baseline for 2−3 s (2−3 images at 1 Hz; excitation, 480 ± 20
nm; emission, 540 ± 30 nm), 20 μL of test compound was
added to the cells, and the response was measured. 140 s later,
10 μL (5×) of an EC20 concentration of ACh (Sigma-Aldrich,
St. Louis, MO) was added to the cells, and the response of the
cells was measured. Approximately 125 s later, an EC80
concentration of ACh was added. Calcium fluorescence was
recorded as fold over basal fluorescence, and raw data were
normalized to the maximal response to agonist. Potency (IC50)
and maximum response (% ACh Max) for compounds were
determined using a four-parameter logistical equation using
GraphPad Prism (La Jolla, CA) or the Dotmatics software
platform:

y bottom
top bottom

1 10 A(log EC50 )Hillslope
= +

−
+ − (1)

where A is the molar concentration of the compound; bottom
and top denote the lower and upper plateaus of the
concentration−response curve; Hillslope is the Hill coefficient
that describes the steepness of the curve; and EC50 is the molar
concentration of compound required to generate a response
halfway between the top and bottom.

Radioligand Binding Assays. Membranes were made
from CHO cells stably expressing the rat M4 receptor
(coexpressing Gqi5). Radioligand competition binding assays
were performed as previously described (Anderson et al.,
2002) with minor modifications. In brief, M4 antagonists were
serially diluted into assay buffer and added to each well of a 96-
well plate, along with 10 μg/well cell membrane and
approximately 100 pM [3H]-NMS (PerKinElmer, Boston,
MA). Following a 3 h incubation period on a shaker at room
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temperature, the membrane-bound ligand was separated from
free ligand by filtration through glass fiber 96-well filter plates
(Unifilter-96, GF/B; PerkinElmer, Boston, MA). 40 μL of
scintillation fluid was added to each well, and the membrane-
bound radioactivity was determined by scintillation counting
(TopCount; PerkinElmer Life and Analytical Sciences, Boston,
MA). Nonspecific binding was determined using 10 μM
atropine.
Ancillary Pharmacology Screening. VU6021625 was

tested at a concentration of 10 μM in the Eurofins Panlabs lead
profiling screen, a radioligand binding assay panel consisting of
78 GPCRs, ion channels, and transporters. Displacement of
≥50% radioligand binding at a panel target was considered
significant.
Brain Slice Preparation. C57Bl6/J mice were anesthe-

tized by continuous isoflurane (5%) and then transcardially
perfused with a cold solution of 92 mM N-methyl-D-glucamine
(NMDG), 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3,
20 mM HEPES, 25 mM D-glucose, 5 mM sodium ascorbate, 2
mM thiourea, 3 mM sodium pyruvate, 10 mM MgSO4, and 0.5
mM CaCl2 (pH 7.3) at 295−300 mOsm. Mice were then
decapitated, and the brains were removed. 300 μm coronal
sections of the SNr or striatum were made on a Leica
Vibratome 1200S instrument. After sectioning, coronal slices
were submerged for 10−15 min at 32 °C in the same NMDG
solution as above. Following this recovery period, slices were
transferred to ACSF containing 126 mM NaCl, 2.5 mM KCl,
26.2 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 1.5
mM MgSO4, 10 mM D-glucose, and 5 mM sodium ascorbate.
Whole Cell Patch Clamp Electrophysiology. The whole

cell voltage-clamp signal was amplified using Axon Multiclamp
700B amplifiers with appropriate electrode-capacitance com-
pensation. Patch pipets were prepared from borosilicate glass
using a Sutter instruments P-100 Flaming/Brown micropipet
puller and had a resistance of 3−6 MΩ when filled with the
following intracellular solution (mM): 130 CsCl, 10 NaCl,
0.25 CaCl2, 2 MgCl2, 5 EGTA, 10 HEPES, 10 glucose, 2 Mg-
ATP. The pH of the pipet solution was adjusted to 7.3 with 1
M CsOH, and osmolarity was adjusted to 285−290. Whole cell
recordings were made from visually identified cells in the SNr
under an Olympus BX50WI upright microscope (Olympus,
Lake Success, NY). A low-power objective (4×) was used to
identify the SNr, and a 40× water immersion objective coupled
with Hoffman optics was used to visualize the individual
neurons. GABAergic cells of the SNr were identified by
previously determined membrane characteristics and firing
rates.15,42

To isolate mIPSCs, slices were perfused continuously at a
rate of ∼2.0 mL/min with an oxygenated solution containing
(in mM) 126 mM NaCl, 2.5 mM KCl, 26.2 mM NaHCO3,
1.25 mM NaH2PO4, 2 mM CaCl2, 1.5 mM MgSO4, and 10
mM D-glucose, pH 7.35, with 0.5 μM tetrodotoxin (TTX), 5
μM AMPA receptor 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), and 1 μM NMDA receptor antagonist DL-2-
amino-4-methyl-5-phosphono-3-pentenoic acid (AP-5). Slices
were perfused with this solution at 25 °C for at least 15 min
following the establishment of electrical access. Access
resistances were <15 MΩ. mIPSCs were recorded from
GABAergic cells of the SNr held at −70 mV in GAP free
mode. All drugs were bath-applied with the complete exchange
of the external solution not exceeding 30 s. Data were acquired
using Digidata 1440A and pClamp 9.2 and analyzed with Mini
Analysis software (Synaptosoft).

Fast Scan Cyclic Voltammetry. Electrically evoked DA
overflow was monitored with carbon fiber electrodes with a 5
μm diameter as previously described.19 A triangular voltage
wave (−400 to +1000 mV at 300 V/s) was applied to fresh cut
carbon fiber electrodes every 100 ms. When monitoring
electrically evoked DA transients, stimulating electrodes were
placed 75 μm deep into the dorsolateral striatum, and slices
were electrically stimulated (30−600 μA) every 2.5 min via a
bipolar stimulating electrode placed ∼100 μm from the carbon
fiber. For typical experiments, the stimulation intensity used
was 200−400 μA so as to induce both nAChR-dependent and
nAChR-independent DA release. Current was acquired using a
Clampex9.2/Digidata1440A system with a low pass Bessell
filter at 10 kHz and digitized at 100 kHz. Background-
subtracted cyclic voltammograms served both to calibrate the
electrodes and to identify dopamine as the substance that was
released following electrical stimulation. The best-fit simulation
of electrically evoked dopamine overflow was found by
nonlinear regression. All time-course data are presented as
the mean ± SEM for individual time points. Sustained
inhibition was defined as the inhibition that was observed
10−20 min after Oxo-M has washed out. These data were
analyzed using a two-tailed Mann−Whitney test, and statistical
significance was determined as p < 0.05.

Pharmacokinetics (PK). The mouse PK study was
performed in adult male C57Bl/6J mice (n = 3 per time
point). In this study, VU6021625 was formulated (0.1 mg/
mL) in 20% β-cyclodextrin 80% water (w/v) and administered
at 10 mL/kg body weight. Nonserial sampling of plasma and
brain was performed at multiple time points (0.25, 0.5, 1, 2, 4,
and 7 h) postadministration. The rat PK study was performed
in adult male Sprague−Dawley rats (n = 3 per time point). In
this study, VU6021625 was formulated (1 mg/mL) in 0.5%
methylcellulose 99.5% water (w/v) and administered at 10
mL/kg body weight. Nonserial sampling of plasma and brain
was performed at multiple time points (0.25, 0.5, 1, 3, and 5 h)
postadministration. In both studies, brain:plasma Kp was
determined by division of the brain AUC0.25‑last by the plasma
AUC0.25‑last. In the rat study, unbound brain:unbound plasma
Kp,uu was determined by division of the Kp by the [fuplasma/
fubrain] ratio, which was obtained via equilibrium dialysis
binding assays with rat plasma (n = 1 performed in triplicate)
and rat brain homogenate (n = 1 performed in triplicate).
Plasma and brain homogenate binding assays, bioanalytical
sample preparation, and quantitation by LC-MS/MS were
performed essentially as described previously.43 Data are
presented (Figure 5A,B) as means ± SD. The evaluation of
VU6021625 for P-gp efflux potential was performed via
contract with Absorption Systems LLC (Exton, PA) using a
bidirectional transwell assay (n = 1 performed in duplicate)
with a 5 μM substrate concentration and their standard in-
house assay and quantitation procedures.

Animal Housing. Animals were group-housed under a 12/
12 h light−dark cycle with food and water available ad libitum.
All animal experiments were approved by the Vanderbilt
University or Emory University Animal Care and Use
Committee, and experimental procedures conformed to
guidelines established by the National Research Council
“Guide for the Care and Use of Laboratory Animals”.

Open Field Locomotor Assay. Locomotor activity was
tested in wild-type and M4 or M1 KO mice (all congenic on
C57Bl6/J background), 8−12 weeks old, using an open field
system (OFA-510, MedAssociates, St. Albans, VT) with three
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16 × 16 arrays of infrared photobeams. Scopolamine-induced
locomotor activity was assessed with the following paradigm:
animals were habituated for 90 min in the open field before
being injected with vehicle (10% Tween 80, 10 mL/kg, i.p.) or
scopolamine (0.1, 0.3, 1, or 3 mg/kg, 10 mL/kg, 10% Tween
80 i.p.), and locomotor activity was recorded for an additional
60 min (150 min total session length). VU6021625-induced
locomotor activity was assessed with the following paradigm:
animals were habituated for 90 min in the open field before
being injected with vehicle (20% HPBCD, 10 mL/kg, i.p.),
scopolamine (3 mg/kg, 10 mL/kg, 10% Tween 80, i.p.), or
VU6021625 (3 mg/kg, 10 mL/kg, 20% HPBCD, i.p.), and
locomotor activity was recorded for an additional 60 min (150
min total session length). Data were analyzed using the activity
software package (MedAssociates, St. Albans VT) and
expressed as total distance traveled in cm per 5 min bin.
Locomotor activity was tested in adult male Sprague−

Dawley rats. The animals were placed in the activity chambers
(KinderScientific, San Diego, CA) to habituate to the
chambers for 30 min. The animals were then administered
VU6021625 (3 mg/kg, 1 mL/kg, 20% HPBCD, i.p.),
scopolamine (3 mg/kg, 1 mL/kg, 10% Tween 80, i.p.), or
vehicle (20% HPBCD, 10 mL/kg, i.p.) and returned to the
activity chambers. Locomotor activity was recorded for an
additional 60 min (90 min total session length). Data were
analyzed using the activity software package (KinderScientific,
San Diego, CA) and expressed as total distance traveled in cm
per 5 min bin.
Haloperidol-Induced Catalepsy. Wild-type C57Bl6/J,

littermate controls, M4, or M1 global knockout animals (both
congenic on C57Bl6/J background) were administered
haloperidol (1 mg/kg, 0.25% lactic acid in water, i.p.). For
the scopolamine experiments, the mice were administered
vehicle (10% Tween80) or scopolamine (i.p.) 105 min after
haloperidol. For the VU6021625 experiment, the animals were
administered vehicle (20% HPBCD) or VU6021625 (0.3−3
mg/kg, i.p.) 105 min after haloperidol. They were tested 15
min later by placing their forelimbs on a raised bar and
recording the latency for the animals to remove their forelimbs
from the bar with a cutoff of 300 s. Adult male Sprague−
Dawley rats were injected with 1.5 mg/kg haloperidol i.p. 1 h
later, the animals were administered 0.3−3 mg/kg of
VU6021625, or vehicle. Cataleptic behavior was determined
30 min later as previously described34 by placing the forelimbs
on a bar raised 6 cm above the table and recording the amount
of time it takes for the rat to withdraw the forelimbs with a
cutoff of 60 s. Data are expressed as mean latency to withdraw
+ SEM or percent inhibition of catalepsy + SEM. At the end of
the study (0.5 h postadministration of VU6021625), plasma
and brain samples from each rat (all dose groups) were
collected and stored (−80 °C) for bioanalysis by LC-MS/MS
as described previously.35,39,40

Abnormal Involuntary Movement Scoring in DRD
Mice. The dystonia exhibited by knockin mice bearing the
c.1160C>A Th mutation (DRD mice), which causes DOPA-
responsive dystonia in humans, was assessed after treatment
with VU6021625. DRD mice were produced as F1 hybrids of
C57BL/6J + /ThDRD × DBA/2J + /ThDRD to avoid the
perinatal death associated with inbred C57BL/6J DRD mice.29

The c.1160C>A mutation in Th is coisogenic on C57BL/6 and
congenic on DBA/2J. DRD mice were maintained and
genotyped as previously described and tested at 16−21
weeks of age.29 A behavioral inventory was used to define

the type of abnormal movement, including tonic flexion or
tonic extension (limbs, trunk, head), clonus (limbs), and
twisting (trunk, head), as described.44−46 Homozygous DRD
mice (n = 8) were habituated to the test cages overnight, and
experiments started at 8 am, when the abnormal movements
are most severe in DRD mice.29 DRD mice were challenged
with vehicle or VU6021625 (i.p.) in 1% Tween-80 in a volume
of 10 mL/kg. Trihexyphenidyl was used as a positive control.
Behavioral assessments began 15 min after compound
administration. Abnormal movements were scored for 30 s at
10 min intervals for 60 min. Mice were tested in a repeated
measures design with a pseudorandom order of drug doses and
vehicle; each mouse received every dose only once within an
experiment. Mice were given at least 4 days between
challenges. Observers were blinded to treatment. An arithmetic
sum of the disability scores was used to calculate a total score
for the entire 1 h session. These data approximate a continuous
variable when total scores from one animal are added together.
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