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New Treatments for Dystonia?

⚫ Doctor’s perspective

Why do we need new treatments?  

Botulinum toxins are very effective

DBS surgery is also effective

⚫ The patient’s perspective

Are you trying to find something better?  

Numerous studies show satisfaction varies

Approximately 1 in 3 patients discontinue BoNT

⚫ The clueless cynic’s perspective

Nothing new is being developed



Experimental Therapeutics



Glutamate Receptors

⚫ Widely distributed in brain

basal ganglia

cerebellum

⚫ Numerous animal studies implicate GluR in dystonia

⚫ GRIN2B (NMDA receptor) linked with human dystonia 

⚫ Pilot study of riluzole in cervical dysotnia



Perampanel:  AMPA Receptor

⚫ Non-competitive antagonist

⚫ Pre-clinical studies

animal studies implicate AMPA receptors

several dystonia models showed benefit

⚫ Perampanel is already available as anti-convulsant



SAFE-per-CD Trial

⚫ Phase 2a, open label, multicenter

⚫ 25 subjects with CD

studied at end of BoNT cycle

titrated 2-12 mg/day

tolerability, TWSTRS, CDIP-58, CGI



Dipraglurant: mGluR5

⚫ Negative allosteric modulator (mGLUR5)

⚫ Pre-clinical studies

animal models implicate mGLUR5

several dystonia models implied benefit

⚫ Reduces levodopa-induced dyskinesias
rodent and primate models

patients with Parkinson disease



Addex & Dystonia



Addex Trial:  Blepharospasm

⚫ Phase 2

⚫ Double blind

⚫ Subjects with BSP

⚫ Expected start:  2021



Anti-Cholinergics

⚫ Anticholinergics effective for many types of dystonia

⚫ Side effects are terrible, so they are hard to use

⚫ Available anticholinergics are non-selective

⚫ Can we make better ones that are more selective?



Anti-Cholinergics:  M4 Receptor

⚫ Several investigators have honed in on M4 receptors

⚫ M1-3 receptors may be responsible for side effects

⚫ Several M4-selective drugs have now been developed

S C I E N T I F I C P E R S P E C T I V E

Roles of the M4 Acetylcholine Receptor in the Basal Ganglia
and the Treatment of Movement Disorders

Mark S. Moehle, PhD, and P. Jeffrey Conn, PhD*

Vanderbilt Center for Neuroscience Drug Discovery and Department of Pharmacology, Vanderbilt University School of Medicine,
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AB STRACT: Acetylcholine (ACh) released from choliner-

gic interneurons acting through nicotinic and muscarinic

acetylcholine receptors (mAChRs) in the striatum have

been thought to be central for the potent cholinergic regu-

lation of basal ganglia activity and motor behaviors.

ACh activation of mAChRs has multiple actions to oppose

dopamine (DA) release, signaling, and related motor

behaviors and has led to the idea that a delicate balance

of DA and mAChR signaling in the striatum is critical for

maintaining normal motor function. Consistent with this,

mAChR antagonists have efficacy in reducing motor symp-

toms in diseases where DA release or signaling is dimin-

ished, such as in Parkinson’s disease and dystonia, but

are limited in their utility because of severe adverse effects.

Recent breakthroughs in understanding both the anatomical

sites of action of ACh and the mAChR subtypes involved in

regulating basal ganglia function reveal that the M4 subtype

plays a central role in regulating DA signaling and release in

the basal ganglia. These findings have raised the possibility

that sources of ACh outside of the striatum can regulate

motor activity and that M4 activity is a potent regulator of

motor dysfunction. We discuss how M4 activity regulates

DA release and signaling, the potential sources of ACh that

can regulate M4 activity, and the implications of targeting

M4 activity for the treatment of the motor symptoms in

movement disorders. © 2019 International Parkinson and

Movement Disorder Society

Key Words: basal ganglia; cholinergic; motor deficits;

movement disorders; muscarinic

Acetylcholine (ACh), acting through both nicotinic

(nAChR) and muscarinicacetylcholinereceptor (mAChRs),

hasprofound neuromodulatory capabilitiesthroughout the

central nervoussystem (CNS).1,2 ACh can powerfully regu-

late brain circuits associated with learning, memory, and

movement.3 Within the basal ganglia (BG), ACh can sub-

stantially modulate dopamine (DA) release from terminals

originating from the substantia nigra pars compacta

(SNc).4 ACh acting through nAChRs can increase DA

releaseby actionson DA terminals.5 However, ACh acti-

vation of mAChRshasmorecomplex interactions on DA

release and signaling, and the activation of mAChRs has

multiple actions to regulate DA release, signaling, and

related motor behaviors.4 This regulation of the effects of

DA on BG output and locomotion hasled to theidea that a

delicate balance of opposing actions of DA and mAChR

signaling in the striatum is critical for maintaining normal

BG function.6

Cholinergic neurons provide this important neu-

romodulatory control of the BG, and the major source of

ACh to activate the mAChRs necessary to regulate BG

function and DA has been thought to be large, aspiny cho-

linergic interneurons (ChIs) that act locally in the stria-

tum.6 Striatal ChIs are believed to be central to cholinergic

regulation of BG signaling, DA, and related behavioral

outputs.7,8 However, recent evidence has challenged and

expanded our understanding of the sources of ACh capa-

ble of regulating BG output. We and others have recently

shown that hindbrain cholinergic nuclei of the

pedunculopontine (PPN) and laterodorsal tegmental area

(LDT) are as capable as ChI of regulating locomotion,

reward, and other BG-influenced behaviors.9,10 This has
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Abstract

Non-selective antagonists of muscarinic acetylcholine receptors

(mAChRs) that broadly inhibit all five mAChR subtypes provide an

efficacious treatment for some movement disorders, including Parkinson

disease and dystonia. Despite their efficacy in these and other central

nervous system disorders, anti-muscarinic 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 anti-parkinsonian and anti-dystonic

efficacy observed with the use of non-selective anti-muscarinic

therapeutics. Our recent work has indicated that the M  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 M  may recapitulate the efficacy of non-

selective anti-muscarinic 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 M . Here we utilize

genetic mAChR knockout animals in combination with non-selective

mAChR antagonists to confirm that the M  receptor underlies the

locomotor-stimulating and anti-parkinsonian efficacy in rodent models.

We also report the synthesis, discovery, and characterization of the first-

in-class selective M  antagonists VU6013720, VU6021302, and

VU6021625 and confirm that these optimized compounds have anti-

parkinsonian and anti-dystonic efficacy in pharmacological and genetic

models of movement disorders.

Introduction

Dopamine (DA) release and signaling in the basal ganglia (BG) are

critical for fine-tuned motor control and locomotor ability . When DA

release or signaling is diminished, such as in Parkinson disease (PD)

following the death of DA releasing cells or in genetic forms of dystonia,

aberrant motor behaviors are present . 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 . However, these treatments can often lead to severe side

effects such as dyskinesia, are not effective at treating all the symptoms

in the disease state, and their efficacy is unreliable with disease

progression and after chronic use . 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 .

One possible non-DA based treatment mechanism is through targeting

of muscarinic acetylcholine receptors (mAChRs) . Acetylcholine

(ACh) acting through mAChRs has powerful neuromodulatory actions on

the BG motor circuit . 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 release and

signaling, anti-mAChR therapy that targets each of the five mAChR

subtypes (M -M ) equally has efficacy in reducing the primary motor

symptoms of PD and dystonia . However, like DA-targeted

therapies, despite their efficacy, non-selective anti-mAChR therapy can

lead to serious on-target adverse effects that limits their tolerability by

patients .

Recent pharmacological and genetic studies have made it possible to

define unique roles of individual mAChR subtypes in motor

disorders . These data raise the possibility that 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 non-selective mAChR pharmacological agents .

Several of the peripheral adverse effects associated with non-selective

anti-muscarinic side effects are likely mediated by M  and M , and

central side effects centering around memory and cognition may be due

to M . However, recent studies using first-in-class M  positive

allosteric modulators (PAMs) along with genetic approaches, suggest

that potentiation of M  signaling opposes DA signaling in the BG motor

circuit via multiple mechanisms. For example, potentiation of M

activation in the dorsal striatum can cause a sustained inhibition of DA

release . Furthermore, M  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 (D )

signaling in these cells, leading to tonic inhibition of BG direct pathway

activity and reduced locomotion . Genetic deletion of M  either globally

or in D  DA expressing spiny projection neurons (D -SPNs), which form

the BG direct pathway, recapitulates many of our pharmacological

findings as well . Mice with selective M  deletion in D -SPNs or

globally are also more sensitive to the pro-locomotor effects of

psychomotor stimulants, have elevated basal DA levels, and are

hyperlocomotive . These genetic and pharmacological studies of

mAChR subtypes suggest that M  may be the dominant mAChR in the

regulation of DA and locomotor activity, and that M  selective inhibitors

may maintain the efficacy seen with non-selective anti-mAChR

therapeutics in movement disorders while reducing or eliminating their

side effects .

Directly testing the hypothesis that M  antagonism will have efficacy in

movement disorders has been greatly limited due to the lack of truly

selective M  inhibitors . To evaluate whether M  underlies the efficacy of

non-selective mAChR antagonists, we report the discovery of a first-in-

class series of M  selective antagonists. Utilizing knockout (KO) animals

in conjunction with these novel, selective M  antagonists, our data

support the role of M  in movement disorders and demonstrate anti-

parkinsonian and anti-dystonic efficacy of M  antagonists in preclinical

models.

Results

M  underlies the anti-parkinsonian and pro-locomotor efficacy of anti-

mAChR compounds

To determine which mAChR subtype underlies the locomotor-stimulating

effects of the anti-mAChR agent scopolamine, we first assessed the

effects of multiple doses of scopolamine on locomotor activity in wildtype

(WT) mice . Mice were placed into an open field chamber and allowed

to habituate for 90 minutes while activity (total distance traveled in cm/5

minute bins) was recorded. After 90 minutes, scopolamine (0.1 – 3

mg/kg, 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 – 150 minutes in a dose

dependent manner, with the 3 mg/kg dose showing maximal efficacy

(Figure 1A, B; One-way ANOVA with Dunnett’s post-hoc test;

F =9.064; p < 0.0001). The administration of 0.1 or 0.3 mg/kg 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 – 150 minutes (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 scopolamine; 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 in M  or M  global KO mice and compared responses to

their littermate controls. Similar to the previous experiment, 3 mg/kg of

scopolamine significantly increased distance traveled in WT littermate

mice compared to vehicle injected WT littermate control mice (1786.0 +

256.6 cm from 90 – 150 min for vehicle, 8952.0 + 789.8 cm for 3 mg/kg

scopolamine; One-way ANOVA with Tukey’s Multiple Comparison post-

hoc test; F =26.7; Figure 1C, E; p < 0.001). In M  knockout animals, 3

mg/kg scopolamine elicited a hyperlocomotor response as compared to

vehicle treated M  KO mice (2093.0 + 388.1 cm for vehicle treated M

KO, 7357.0 + 1427.0 cm for M  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 M  global KO animals (1492.0 + 248.7 cm for vehicle treated

M  KO mice, 3574.0 + 407.3 cm for M  KO administered 3 mg/kg

scopolamine; Figure 1D, E p > 0.05). When compared to WT animals

dosed with 3 mg/kg of scopolamine, M  KO mice administered

scopolamine had a significantly reduced distance traveled from 90 – 150

min (Figure 1E, p < 0.001). This suggests that M  plays a dominant role

in mediating the scopolamine-induced increase in locomotor activity.

Figure 1.

M  underlies the anti-parkinsonian and locomotor-stimulating effects of the muscarinic

acetylcholine antagonist scopolamine.

Scopolamine induces a dose-dependent increase in locomotor activity (A, B), which persists in M

knockout mice (C, E) but is largely absent in M  knockout mice (D, E). Scopolamine significantly

reverses haloperidol-induced catalepsy in wildtype mice, an effect that is absent in M  knockout mice.

One-way ANOVA with Dunnett’s or Tukey’s Multiple Comparison post-hoc test; * p < 0.05, ** p <

0.01, *** p < 0.001.

We also examined if M  was responsible for the anti-parkinsonian

efficacy of scopolamine in a model of parkinsonism with predictive

validity for anti-parkinsonian efficacy, haloperidol-induced catalepsy

(HIC) . 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. Two hours 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

post-hoc test; F =34.8, p < 0.0001, Figure 1F). In vehicle-treated mice

the mean latency to withdraw was 210.9 + 35.9 seconds. 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 seconds for 1 mg/kg, 4.4

+ 2.3 seconds for 3 mg/kg, 2.9 + 1.8 seconds for 10 mg/kg; Figure 1F,

*** p < 0.0001). This dose of scopolamine was then used in the same

assay in global M  KO mice and WT littermate controls. In WT littermate

controls, 3 mg/kg scopolamine significantly reversed catalepsy (155.9 +

25.3 seconds for vehicle, 6.1 + 1.4 seconds for 3 mg/kg scopolamine;

One-way ANOVA with Dunnett’s; F =8.7 p=0.0002; Figure 1G

***p<0.001). Vehicle treated M  global KO mice demonstrated similar

cataleptic behavior to vehicle treated WT littermates (151.9 + 28.9

seconds for M  KO vs 155.9 + 25.3 seconds for WT vehicle; Figure 1G

p>0.05). The administration of 3 mg/kg of scopolamine to M  KO animals

did not significantly reduce the mean latency to withdraw compared to

WT vehicle treated mice (113 + 29.5 seconds for M  KO; p < 0.05,

Figure 1G). Taken together these data indicate that M  is the primary

mAChR responsible for the anti-parkinsonian efficacy of the non-

selective anti-mAChR antagonist, scopolamine, in HIC.

Discovery and synthesis of first-in-class M  selective antagonists

Our data implicating M  as the primary mAChR subtype responsible for

the locomotor-stimulating and anti-parkinsonian effects of scopolamine

gave clear rationale for the development of the first truly selective M

antagonist tool compounds. Utilizing a recently reported partially

selective anti-muscarinic compound PCS1055,  a human M  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 M  antagonists. Here we reported novel,

M  antagonists with balanced activity at both human and rat M

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 to be

performed. Final compounds were prepared as described in Scheme 1,

and structures were reported in Figure 2. Briefly, exo-amine (1)

(prepared as previously reported ) underwent nucleophilic aromatic

substitution (SNAr) with 3,6-dichloropyridazine (2) 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). Analogs 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, H-NMR, and C-NMR for each

final compound (6-8) and intermediates were described in the

supplemental information.

Figure 2.

Structure of highly optimized M  antagonists.

Chemical structures of novel M  antagonists.

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 mobilization assay in cell lines that express individual mAChR

receptors . First, we examined the potency of each compound in

blocking the effects of an EC  concentration of ACh, using calcium

mobilization in CHO cell lines that express either rat or human M  as a

readout. Each of the novel M  antagonists inhibited the response to ACh

with the IC  values listed for VU6013720 (rM  IC  = 20 nM, hM  IC  =

0.59 nM), VU6021302 (rM  IC  = 70 nM, hM  IC  = 1.8 nM), and

VU6021625 (rM  IC  = 57 nM, hM  IC  = 0.44 nM) (Figure 3A-C and

Table 1). Interestingly, this series of compounds is more potent at human

M  than rat M .

Figure 3.

Potency and selectivity of VU6013720, VU6021302, and VU6021625.

Potencies were determined by adding a concentration-response curve of M  antagonist followed by

an EC  of acetylcholine in human, rat or mouse M -expressing CHO cells. VU6013720, VU6021302,

and VU6021625 induced a concentration-dependent inhibition of the release of calcium (A – C).

Selectivity of these M  antagonists was evaluated by adding a concentration-response curve of

compound followed by an EC  of acetylcholine in M , M , M , M  or M  expressing CHO cells. Data

represent the mean ± S.E.M. of 3 independent experiments performed in duplicate.

Table 1.

Fold Selectivity of VU6013720, VU6021302, and VU6021625.

Fold selectivity of M  antagonists over other muscarinic acetylcholine receptors and summary of IC

values.

We then repeated these calcium mobilization assays in cell lines that

express the rat M , M , M  or M  receptors to examine the selectivity of

these compounds relative to other mAChR subtypes. VU6013720,

VU6021302, and VU6021625 all show functional selectivity at rM  and

rM  with IC  values >10,000 nM and selectivity over M  of >100 (Figure

3D-F and Table 1). At rM , VU6013720 has an IC  = 1700 nM with 85

fold selectivity, VU6021302 has an IC  >10,000 nM with >100 fold

selectivity, and VU6021625 has an IC  = 5500 nM with 96 fold

selectivity (Figure 3D-F and Table 1). The greatest challenge for this

series of compounds was selectivity with regard to M . At rat M ,

VU6013720 has an IC  = 670 nM with 34 fold selectivity, VU6021302

has an IC  = 2500 nM with 36 fold selectivity, and VU6021625 has an

IC  = 3200 nM with 56 fold selectivity over r M  (Figure 3D-F and Table

1).

Due to the overall selectivity, especially with regard to M , 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 transporters. With this assay, which screened VU6021625 binding to

this panel of targets at 10 μM, we observed little off target binding (see

Supplementary Table 1). Outside of mAChRs, only the Histamine H3

receptor showed appreciable binding (88% radioligand displacement),

and modest binding to nicotinic α β  and serotonin 5-HT  receptor was

also observed (55% and 53% displacement respectively, Supplementary

Table 1). With this overall potency, selectivity, and specificity profile,

VU6021625 represents an excellent first-in-class tool compound to

examine the effects of M  antagonism.

VU6021625 ex vivo blocks mAChR-induced decreases in D -SPNs

activity, DA release, and DA signaling

Previously, using M  positive allosteric modulators and global or

conditional M  KO animals, we have shown using ex vivo

electrophysiology that M  can tonically inhibit the BG direct pathway/D -

SPNs as well as cause a sustained inhibition of DA release . Using

our new tool M  antagonist compound VU6021625, we examined its

ability to reverse electrophysiological measures of M  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 post-synaptic currents (mIPSCs) to

examine direct pathway neurotransmitter release probability . After

recording a baseline period of 5 minutes, we bath applied 10 μM

VU6021625 and recorded mIPSC frequency. Inhibition of M  activity in

the direct pathway increased mIPSC frequency by ~40%, indicating that

M  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 D -SPN terminals, we again recorded mIPSCs but bath applied 10

μM of the non-selective mAChR agonist oxotremorine-M (Oxo-M), which

decreased D -SPN mIPSC frequency by ~20% (Figure 4C-D). We have

preciously shown that the effects of Oxo-M at this synapse are mediated

exclusively by M . Bath application of VU6021625 completely blocked

this effect, indicating that M  antagonism can block tonic activation of M

by endogenous ACh as well as M -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).

Figure 4.

VU6021625 reversed muscarinic induced deficits in dopamine release and signaling.

Sample traces of miniature inhibitory post-synaptic currents (mIPSCs) during baseline (top) and

following bath application of 10 μM VU6021625 (bottom) (A). Inhibition of M  activity by VU6021625

significantly increased mIPSC frequency (paired t-test, *p<0.05) (B). Sample traces of mIPSCs during

baseline (top), bath application of the non-selective mAChR agonist oxotremorine-M (Oxo-M)

(middle), or bath application of 10 μM Oxo-M + VU6021625 (bottom) (C). Bath application of

VU6021625, completely blocked the change in frequency induced by Oxo-M, paired t-test, **p<0.01

(C-D). Sample traces (E) and time-courses (F) of Oxo-M-induced inhibition of DA release in the

absence or presence of the M -selective antagonist VU6021625. Bar graph summary depicting the %

inhibition of DA release observed under different conditions from 30-40 min (n=6-7, *: p < 0.005, two

tailed Mann Whitney test) (G). Time-course of M -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 (H).

Application of the M -selective antagonist VU6021625 unmasks a robust

Oxo-M-dependent increase in DA release

Beyond the effects of M  inhibition of direct pathway activity, we have

also previously shown that M  potentiation causes a sustained inhibition

of DA release in the dorsal striatum . To determine the ability of the M

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; 1μM) to

remove nAChR-mediated DA release. In the absence of M  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). Inclusion of VU6021625 (3μM) 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 M  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 M -mediated inhibition of DA release that was sustained at

time-points well after Oxo-M has washed out of the bath.

The results obtained with VU6021625 in fast-scan cyclic voltammetry

support our previous finding that M  receptor activation can induce a

sustained inhibition of DA release in the dorsolateral striatum in the

presence of nAChR antagonists . 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 M  receptor activation leading to

a sustained inhibition of DA release, the identity of the mAChR mediating

this increase in DA release is still not know. Studies in the nucleus

accumbens have shown that M  receptors can mediate an enhancement

of DA release in this brain area raising the possibility that M  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 hr 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/6 mice (n = 3 per time point) (Figure 5A). The

maximum total concentration of the compound in plasma (C ) was

170 ng/mL (393 nM) with a time-to-reach C  (T ) of 0.25 hr. In brain,

a C  of 31.6 ng/mL (73.0 nM) was observed with a T  of 1 hr.

Distribution to brain from plasma on an area-under-the-curve (AUC)-

based total concentration basis (K ) was moderate (0.25, Figure 5A).

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

Rat plasma and brain PK were obtained over a 5 hr time course

following a single 10 mg/kg per oral (p.o.) dose (vehicle: 0.5%

methylcellulose 95.5% water [w/v]; 10 mL/kg body weight) to male,

Sprague Dawley rats (n = 3 per time point) (Figure 5B). The total C  in

plasma was 586 ng/mL (1350 nM) with a T  of 5 hr. The total C  in

brain was 282 ng/mL (652 nM) with a T  of 5 hr. AUC-based total brain

distribution was moderate (K  = 0.35) while unbound distribution was low

(K  = 0.13) based on in vitro rat plasma and brain homogenate binding

data (fu  = 0.563, fu  = 0.206) from equilibrium dialysis assays.

In light of the low brain:plasma K  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 M  potency was achieved in the rat PK study

thereby demonstrating its in vivo utility despite P-gp efflux.

Table 2.

Pharamacokinetic Properties of VU6021625.

Summary of in vivo and in vitro characteristics of VU6021625

VU6021625 has anti-parkinsonian efficacy

To test if VU6021625 has anti-parkinsonian 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 seconds.

Administration of 0.3 mg/kg of VU6021625 did not significantly reduce

catalepsy in these mice (159.0 + 27.3 seconds, Figure 6A, B, 10 ml/kg,

20% (2-Hydroxypropyl)-Beta-Cyclodextrin (HPBCD), i.p; One-way

ANOVA with Dunnett’s post-hoc test F =8.6, p>0.05). However,

administration of 1 or 3 mg/kg significantly reversed cataleptic behavior

when compared to vehicle treated mice (79.6 + 20.2 seconds for 1

mg/kg, 74.3 + 19.5 for 3 mg/kg Figure 6A, B,; 10 ml/kg, 20% HPBCD,

i.p; One-way ANOVA with Dunnett’s post-hoc test F =8.6 p < 0.0001).

Figure 6.

VU6021625 displays anti-parkinsonian 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. One-way ANOVA with Dunnett’s post-hoc
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