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M5 Receptor Activation Produces Opposing Physiological
Outcomes in Dopamine Neurons Depending on the
Receptor’s Location
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Of the five muscarinic receptor subtypes, the M5 receptor is the only one detectable in midbrain dopaminergic neurons, making it an
attractive potential therapeutic target for treating disorders in which dopaminergic signaling is disrupted. However, developing an
understanding of the role of M5 in regulating midbrain dopamine neuron function has been hampered by a lack of subtype-selective
compounds. Here, we extensively characterize the novel compound VU0238429 and demonstrate that it acts as a positive allosteric
modulator with unprecedented selectivity for the M5 receptor. We then used VU0238429, along with M5 knock-out mice, to elucidate the
role of this receptor in regulating substantia nigra pars compacta (SNc) neuron physiology in both mice and rats. In sagittal brain slices
that isolate the SNc soma from their striatal terminals, activation of muscarinic receptors induced Ca 2� mobilization and inward
currents in SNc dopamine neurons, both of which were potentiated by VU0238429 and absent in M5 knock-out mice. Activation of M5 also
increased the spontaneous firing rate of SNc neurons, suggesting that activation of somatodendritic M5 increases the intrinsic excitability
of SNc neurons. However, in coronal slices of the striatum, potentiation of M5 with VU0238429 resulted in an inhibition in dopamine
release as monitored with fast scan cyclic voltammetry. Accordingly, activation of M5 can lead to opposing physiological outcomes
depending on the location of the receptor. Although activation of somatodendritic M5 receptors on SNc neurons leads to increased
neuronal firing, activation of M5 receptors in the striatum induces an inhibition in dopamine release.
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Introduction
Dysregulation of dopamine release is thought to contribute to
multiple CNS disorders including Parkinson’s disease (PD),
schizophrenia, attention deficit hyperactivity disorder, and oth-
ers (Purves, 2012). Midbrain dopamine neurons are directly
modulated by the neurotransmitter acetylcholine (ACh), with
cholinergic innervation targeting both the somatodendritic and
synaptic compartments of these neurons (Mena-Segovia et al.,
2008; Oldenburg and Ding, 2011). The importance of ACh as a

modulator of dopamine neuron function is highlighted by the
finding that agents that modulate the cholinergic system exhibit
efficacy in treating symptoms associated with PD and schizo-
phrenia (Katzenschlager et al., 2003; Shekhar et al., 2008; Foster et
al., 2012). Unfortunately, these nonselective cholinergic modula-
tors have dose-limiting cardiovascular and gastrointestinal side
effects that curtail their clinical utility. The muscarinic ACh re-
ceptor (mAChR) family consists of five members (M1–M5) that,
along with nicotinic receptors, mediate ACh signaling. The M2

and M3 receptor subtypes are thought to mediate the undesired
side effects of nonselective cholinergic modulators (Bymaster et
al., 2003). Accordingly, it is hypothesized that subtype-selective
modulation of M1, M4, and/or M5 could provide clinical efficacy
without the peripheral adverse-effect liability. The M5 receptor
was the last mAChR subtype to be cloned (Bonner et al., 1988;
Liao et al., 1989) and exhibits a low overall expression level (Ya-
suda et al., 1993) that is restricted to the cerebrovasculature
(Yamada et al., 2001) and midbrain dopamine neurons, where it
is the only mAChR subtype detectable (Weiner et al., 1990). Stud-
ies using M5 knock-out (KO) mice have suggested that M5 is
necessary for observing prolonged dopamine release after electri-
cal stimulation of cholinergic inputs from the hindbrain (Forster
et al., 2002; Steidl et al., 2011). However, developing a detailed
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understanding of the role of M5 in regulating dopamine neuron
function or as a potential therapeutic target has been hampered by
the lack of agents that selectively modulate the M5 receptor subtype.
Targeting allosteric sites on receptors that are distinct from the en-
dogenous neurotransmitter binding site has provided unparalleled
success in selectively targeting GPCR subtypes that were previously
intractable. We have recently reported successful medicinal chemis-
try efforts based on positive allosteric modulators (PAMs) for the M1

mAChR (Marlo et al., 2009) that resulted in the discovery of multiple
PAMs for the human M5 (hM5) receptor (Bridges et al., 2009;
Bridges et al., 2010). Of these, VU0238429 stood out as the optimal
PAM for in vitro studies based on its hM5 selectivity, potency, and
efficacy. Here, we characterize VU0238429 and demonstrate that
this compound has robust activity and unprecedented selectivity as
an M5 PAM at rat mAChR receptors. Using this compound, along
with M5 KO mice, we assessed the ability of M5 activation to modu-
late dopamine neuron physiology. We report that somatodendritic
activation of M5 on dopamine neurons of the substantia nigra pars
compacta induced Ca2� mobilization and inward currents and in-
creased spontaneous firing rates. However, activation of M5 in the
striatum reduced electrically evoked dopamine release. These sur-
prising findings suggest that M5 receptor activation engenders op-
posing effects on dopamine neuron function depending upon the
receptor’s localization.

Materials and Methods
Materials. VU0238429 (aka ML129) was developed with support from
the Molecular Libraries Probe Production Centers Network (MLPCN)
initiative (Bridges et al., 2009; Bridges et al., 2010) and is available to the
public (http://www.mc.vanderbilt.edu/centers/mlpcn/obtaining_probes.
html). Fluo-4 AM and fluo-4 pentapotassium salt were obtained from
Invitrogen. Costar 96-well cell culture plates, V-bottom compound
plates, and Hygromycin B were purchased from Corning. Kynurenic acid
sodium salt and tetrodotoxin were purchased from Tocris Bioscience. All
other compounds were purchased from Sigma-Aldrich. All cell culture
reagents were from Invitrogen unless otherwise noted.

Fluorescence-based calcium imaging in cultured cells. Chinese hamster
ovary (CHO) cells stably expressing rat M1, M2, M3, M4, or M5 were
grown in standard medium (Ham’s F12 medium) supplemented with
10% heat-inactivated FBS, 20 mM HEPES, and 50 �g/ml G418 sulfate and
kept at 37°C in a humidified incubator containing 5% CO2. To couple
the M2 and M4 receptors to Ca 2� mobilization, these cells also stably
expressed the chimeric G-protein Gqi5 and were maintained in the pres-
ence of 500 �g/ml Hygromycin B. One day before the assay, cells were
plated at 50,000 cells per well in standard growth medium (Ham’s F12 me-
dium supplemented with 10% FBS and 20 mM HEPES) in 96-well plates. On
the day of the assay, medium was removed and cells were dye loaded for 1 h
in Ca2� assay buffer (HBSS; Invitrogen), 20 mM HEPES, 2.5 mM probenecid
(Sigma), pH 7.4, containing 1.8 �M Fluo4-AM. After dye loading, cells were
rinsed with Ca2� assay buffer and maintained at room temperature for the
duration of the assay. All experiments were matched in solvent (DMSO)
concentration. Ca2� flux was measured over time as an increase in fluores-
cence using a FlexStation II (Molecular Devices). The increase in fluores-
cence over basal was determined for the peak of the response and then
normalized to the maximal peak response elicited by ACh.

Radioligand binding. Membranes were prepared from M5-expressing
CHO cells as described previously (Shirey et al., 2008). All binding reac-
tions were performed in assay buffer (100 mM NaCl, 10 mM MgCl2, and
20 mM HEPES, pH 7.4) at room temperature. Reactions contained a
nonsaturating concentration (0.1 nM) of [N-methyl- 3H]scopolamine
methyl chloride ([ 3H]-NMS; GE Healthcare) and membrane protein
(7.5–15 �g) and appropriate concentrations of test compounds or vehi-
cle. Nonspecific binding was determined in the presence of 1 �M atro-
pine. For these experiments, receptor-bound NMS accounted for �15%
of the total NMS added per well. Reactions were incubated at room
temperature for 3 h and terminated by rapid filtration. Filter plates were

washed 3 times with ice-cold harvesting buffer (50 mM Tris-HCl and
0.9% NaCl, pH 7.4) using a 96-well Brandel harvester. Plates were dried
overnight and then resuspended in microscint scintillation fluid
(PerkinElmer) and radioactivity quantified using a TopCount NXT mi-
croplate scintillation and luminescence counter (PerkinElmer).

Acute brain slice preparation. All of the animals used in the present
studies were group housed with food and water available ad libitum.
Animals were kept under a 12 h light/dark cycle with lights on from 6:00
A.M. to 6:00 P.M. and were tested during the light phase. All of the
experimental procedures were approved by the Vanderbilt University
Animal Care and Use committee and followed the guidelines set forth by
the Guide for the Care and Use of Laboratory Animals.

Sagittal brain slices (225–300 �m) containing the substantia nigra pars
compacta (SNc), or coronal slices (300 – 400 �m) containing the stria-
tum were obtained from Sprague Dawley rats of either sex (postnatal
days 15–20 [P15-P20]; Charles River Laboratories), male C57BL/6NTac
wild-type mice (p30 –90; Taconic), or male M5 receptor KO mice (P30 –
P90; Taconic, with permission from J. Wess, National Institute of Diabe-
tes and Digestive and Kidney Diseases, Bethesda, MD). Brain slices were
cut using a Leica VT1200S.

Briefly, rats were anesthetized with isoflurane and brains were re-
moved rapidly, submerged, and sliced in ice-cold modified artificial CSF
(aCSF) containing the following (in mM): 75 sucrose, 87 NaCl, 2.5 KCl, 7
MgSO4, 0.5 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 1 kynurenic acid, and 25
D-glucose oxygenated with 95% O2/5% CO2. Slices were then incubated in
aCSF containing the following (in mM): 124 NaCl, 4 KCl, 2.45 CaCl2, 1.2
MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and 11 D-glucose at room temperature
for at least 1 h before being transferred to the recording chamber.

Slices from mouse brains were prepared in a variation of a reported
brain slice methodology for adult mice (Zhao et al., 2011). Mice were
anesthetized by intraperitoneal injection of 0.15 ml of ketamine/xylazine
(20 mg/2 mg/1 ml) and then transcardially perfused with cold modified
aCSF. Mice were then decapitated and the brains were removed, sub-
merged, and sliced in modified aCSF. Slices were initially recovered for
10 –15 min at 32°C in protective aCSF containing the following (in mM):
92 N-methyl-D-glucamine, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20
HEPES, 25 D-glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyuru-
vate, 10 MgSO4, 0.5 CaCl2, and 12 N-acetyl-L-cysteine, pH 7.3, 305
mOsm. After the initial recovery the slices were transferred to aCSF con-
taining 126 mM NaCl, 2.5 mM KCl, 2.45 mM CaCl2, 1.2 mM MgSO4, 1.25
mM NaH2PO4, 26 mM NaHCO3, 12 mM N-acetyl-L-cysteine, and 11 mM

D-glucose for at least 1 h before recording. In the recording chamber,
slices were perfused with aCSF in the absence of N-acetyl-cysteine. All
experiments on acute brain slices were performed at 32°C and drugs were
bath applied with a flow rate of 2 ml/min.

Fluorescence-based calcium imaging in brain slices. Whole-cell record-
ings were made from visually identified SNc neurons under an Olympus
BX50WI upright microscope. A low-power objective (4�) was used to
identify the brain region and a 40� water-immersion objective coupled
with Hoffman optics was used to visualize the individual neurons of
interest. Whole-cell current-clamp or voltage-clamp signals were ampli-
fied using an Axon Multiclamp 700B amplifier (Molecular Devices).
Patch pipettes were prepared from borosilicate glass (Sutter Instrument )
using a Flaming/Brown micropipette puller (Sutter Instrument). The
electrode resistance was 3– 6 M� when filled with the intracellular solu-
tion containing the following (in mM): 123 K-gluconate, 7 KCl, 10
HEPES, 0.2 GTP, 2 ATP, and 0.1 Fluo-4 pentapotassium, pH 7.3, 290
mOsm. The identity of SNc neurons was verified by previously estab-
lished electrophysiological parameters including slow firing rates (1– 4
Hz), broad spike half-widths (2.5– 4.5 ms), and the presence of a robust
hyperpolarization-induced voltage sag (Guzman et al., 2009). Changes in
Ca 2� mobilization and inward currents were monitored simultaneously
in the presence of 1 �M tetrodotoxin. Electrical signals were low-pass
filtered at 3 kHz, digitized at 20 kHz, and acquired using a Clampex9.2/
Digidata1440A system (Molecular Devices). Changes in fluorescence
were monitored every 2 s, with exposures ranging from 350 to 1000 ms,
using a Cool Snap HQ2 camera (Photometrics), Lambda 10 –3 shutter,
and Lambda LS stand-alone xenon arc lamp and power supply (Sutter
Instrument ). Increases in Ca 2� mobilization in SNc neurons were re-

3254 • J. Neurosci., February 26, 2014 • 34(9):3253–3262 Foster et al. • M5 mAChR Regulation of SNc Dopamine Neurons

http://www.mc.vanderbilt.edu/centers/mlpcn/obtaining_probes.html
http://www.mc.vanderbilt.edu/centers/mlpcn/obtaining_probes.html


ported as changes in relative fluorescence divided by the baseline fluo-
rescence (�F/F ).

Perforated patch recordings. Patch pipettes (resistance of 5–7 M�) were
filled with intracellular solution containing the following (in mM): 123
K-gluconate, 7 KCl, 10 HEPES, 0.1 EGTA, and 1 MgCl2, along with 25 �M

CaCl2 and 195 �M amphotericin-B. A small amount of solution not
containing amphotericin-B was included in the front of the pipette so
that a gigaohm seal could be formed with visually identified SNc neurons.
Current-clamp recordings of spontaneous action potentials were made us-
ing an Axon Multiclamp 700B amplifier (Molecular Devices). Only record-
ings with constant firing rates, action potential amplitudes �30 mV, and
access resistance �30 M� throughout the experiment were analyzed.

Fast scan cyclic voltammetry. Electrically evoked dopamine overflow
was monitored with carbon fiber electrodes with a 5 �m diameter, as
described previously (Schmitz et al., 2002). A triangular voltage wave
(�400 to �1000 mV at 300 V/s) was applied to fresh cut carbon fiber
electrodes every 100 ms. Electrodes were placed 50 �m deep into the
dorsolateral striatum and slices were electrically stimulated (30 –300 �A)
every 2.5 min via a bipolar stimulating electrode placed �100 �m from
the carbon fiber. Current was recorded with a low-pass Bessell filter at 10
kHz and digitized at 100 kHz. Background-subtracted cyclic voltammo-
grams served both to calibrate the electrodes and to identify dopamine as
the substance that was released after electrical stimulation.

Data analysis. All electrophysiological data were acquired using a
Clampex9.2/Digidata1440A system (Molecular Devices). ClampFit,
Metafluor (Molecular Devices), MiniAnalysis (Synaptosoft), and Prism
(Graphpad) were used for data analysis. The two-tailed Student’s t test was
used to analyze statistical significance between two data points. The best fit
simulation of electrically evoked dopamine overflow was found by nonlinear
regression. All averaged data are presented as the mean 	 SEM.

Results
Characterization of VU0238429, a positive allosteric
modulator at the M5 receptor
To validate the utility of VU0238429 as an M5-selective tool in
rodent models, we evaluated the efficacy and selectivity of VU0238429

at the rat mAChR subtypes. Ca 2� mobilization was monitored as
a readout of receptor activation in CHO cells stably expressing rat
M5 (rM5). VU0238429 (3 �M) or vehicle was added to cells 90 s
before addition of an EC20 concentration of ACh (1 nM). For
comparison, separate cells were treated with vehicle, followed by
a maximally effective concentration of ACh (1 �M). VU0238429
induced a robust potentiation of Ca 2� mobilization induced by
an EC20 concentration of ACh (Fig. 1A). Although VU0238429
potentiated ACh-induced responses, it induced little to no Ca 2�

mobilization on its own, which is consistent with its activity as a
PAM. To establish the potency of VU0238429 at rM5, a concen-
tration response curve (CRC) was generated by establishing the
effects of multiple concentrations of VU0238429 on Ca2� re-
sponses induced by an EC20 concentration of ACh. VU0238429 poten-
tiated M5-mediated responses in a concentration-dependent manner
with an EC50 value of 2.4 	 0.9 �M and maximal potentiation
equal to 83.2 	 7.0% of that observed with maximal ACh con-
centrations (Fig. 1B).

To determine whether VU0238429 interacts with the rM5 re-
ceptor via an allosteric or orthosteric mechanism, we assessed the
ability of VU0238429 to competitively displace the radiolabeled
orthosteric antagonist 3H-NMS. Membranes from rM5-expressing
cells were harvested and equilibrated with 3H-NMS in the ab-
sence or presence of either VU023429 or the orthosteric antago-
nist atropine. Atropine displaced 3H-NMS with a Ki value of
2.56 	 0.41 nM, a value consistent with that previously reported
at the M5 receptor (Shirey et al., 2008). Conversely, VU0238429,
at concentrations sufficient to induce robust potentiation of ACh
responses, did not displace 3H-NMS and induced a small
(
10%) increase in 3H-NMS binding at higher concentrations

Figure 1. VU0238429 robustly potentiates signaling at the rat M5 receptor. A, Representa-
tive traces from cells expressing the rM5 receptor demonstrate that VU0238429 (3 �M) induces
little to no effect on Ca 2� mobilization on its own, but robustly potentiates the Ca 2� response
induced by an EC20 concentration of ACh. For comparison, separate cells were treated with
vehicle followed by either an EC20 (1 nM) or maximally effective (1 �M) concentration of ACh. B,
Potency of VU0238429 in cells expressing rat M5 was evaluated by monitoring Ca 2� mobiliza-
tion induced by various concentrations of VU0238429 followed by an EC20 concentration of ACh
(n � 4; EC50 � 2.4 	 0.9 �M).

Figure 2. VU0238429 interacts with the rM5 receptor in a manner consistent with an allo-
steric modulator. A, Cell membranes from rM5-expressing cells were equilibrated with the
radiolabeled orthosteric antagonist 3H-NMS. Incubation with the unlabeled orthosteric antag-
onist atropine (10 �M) displaced 3H-NMS in a concentration-dependent manner. However,
incubation with VU0238429 (10 �M) was not able to displace 3H-NMS, suggesting that
VU0238429 binds to an allosteric site (n � 3, performed in triplicate). B, The orthosteric agonist
ACh can also displace 3H-NMS at the rM5 receptor. Addition of VU0238429 shifts the ability of
ACh to displace 3H-NMS in a concentration-dependent manner, suggesting that VU0238429
potentiates ACh signaling, at least in part, through increasing the affinity of the rM5 receptor for
ACh (n � 4, performed in triplicate).
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(Fig. 2A). The finding that VU0238429 induces positive cooper-
ativity with respect to 3H-NMS binding and does not competi-
tively displace 3H-NMS is consistent with VU0238429 binding to
an allosteric site on the M5 receptor to potentiate agonist
responses.

To determine whether VU0238429 alters ACh affinity at the
orthosteric site, rM5 membranes were equilibrated with 3H-NMS
and increasing concentrations of ACh in the absence or presence
of VU0238429. Inclusion of ACh displaced 3H-NMS from the M5

receptor with a Ki value of 3.82 	 0.41 �M. In the presence of 10
�M VU0238429, the ACh displacement curve was left shifted with
an observed Ki value of 0.49 	 0.12 �M. These results suggest that
VU0238429 increases ACh signaling at M5 at least in part via
increasing the affinity of the receptor for ACh.

VU0238429 is a subtype-selective potentiator of the
rM5 receptor
To determine whether VU0238429 is an rM5-selective modula-
tor, ACh-induced Ca 2� signaling was monitored in cells express-
ing individual rat mAChR subtypes (rM1–rM5). The M1, M3, and
M5 subtypes (but not M2 or M4) endogenously couple to Ca 2�

mobilization. To compare the activation of all five subtypes
directly in a common assay, cells expressing the rM2 or rM4 re-
ceptor coexpressed the mutant G-protein Gqi5 to couple these
receptors to Ca 2� mobilization. In cells expressing the rM5 re-
ceptor, inclusion of VU0238429 induced a robust leftward shift in
the ACh CRC compared with vehicle (Fig. 3A). Increasing con-
centrations of VU0238429 (3, 10, and 30 �M) induced progres-
sively larger leftward shifts in the ACh EC50 (5.8-, 21.0-, and
29.9-fold changes in the apparent EC50, respectively). Because 10
�M VU0238429 induced a near maximal shift in ACh signaling
with little to no observable agonist activity, this concentration
was used in all subsequent studies. Although VU0238429 ro-
bustly potentiated ACh signaling in rM5-expressing cells, it had
little to no effect in cell expressing rM1–rM4 receptors (a �2-fold
shift in apparent ACh EC50; Fig. 3B).

ACh is the endogenous agonist of mAChRs and the positive
cooperativity of VU0238429 with ACh is critical for modulating
activity in normal physiological settings. However, ACh is rapidly
degraded by ACh esterase (AChE), which complicates the use of
ACh as an exogenously applied agonist in slice electrophysiology
experiments. Oxotremorine-M (Oxo-M) and carbachol (CCh)
are two nonselective mAChR agonists that are not susceptible to
degradation by AChE, making them excellent tools for studying
mAChR function in brain slices. Before using VU0238429 in slice
electrophysiology experiments, it was important to determine

Figure 3. VU0238429 is a robust and selective potentiator of the rM5 receptor. VU0238429
induces a concentration-dependent leftward shift in the ACh CRC when monitoring Ca 2�

mobilization in cells expressing the M5 receptor (A), but induces little to no shift in cells
expressing M1–M4 (B; n � 3– 4 experiments performed in triplicate). VU0238429 shows
little to no probe dependence and maintains M5-selectivity when either CCh or Oxo-M is
used as an orthosteric agonist (C; n � 3– 4 experiments performed in triplicate). Data are
normalized to depict the fold shift in CRCs observed with various agonists in cells express-
ing M1–M5 receptors.

Figure 4. Oxo-M induces both Ca 2� mobilization and inward currents in substantia nigra
pars compacta neurons. Cells were patched and filled with the Ca 2�-sensitive dye fluo-4 and
voltage clamped at �55 mV. Brain slices were treated with 1 �M tetrodotoxin to block action
potentials and Ca 2� fluorescence and holding currents were then monitored simultaneously.
A, Sample images from a representative experiment depicting Ca 2� fluorescence before (A1),
during (A2), and after (A3) addition of 1 �M Oxo-M. B, Quantification of Ca 2� fluorescence over
time. Data are normalized as �F/F as discussed in the Materials and Methods section. C, Simul-
taneous to the increase in Ca 2� mobilization, a robust inward current was observed upon
addition of Oxo-M.
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whether the subtype selectivity observed with VU0238429 and
ACh is maintained with other agonists. Inclusion of 10 �M

VU0238429 induced a leftward shift in both the Oxo-M and CCh
CRCs in cells expressing the rM5 receptor (16.5- and 16.9-fold
shifts, respectively) with little to no activity at rM1–rM4 (a 
3-
fold shift in apparent agonist EC50; Fig. 3C). These results dem-
onstrate that VU0238429 shows little to no probe dependence

and maintains rM5 selectivity when CCh,
Oxo-M, and ACh are used as mAChR
agonists.

M5 receptor mediates Ca 2�

mobilization and inward currents in
SNc neurons
The M5 receptor is the only subtype of
muscarinic receptor that is detectable
when measuring mRNA in midbrain do-
pamine neurons (Weiner et al., 1990).
However, to date, there has been no direct
evidence that the M5 subtype is function-
ally expressed in these neurons. To ad-
dress this issue, patch-clamp recordings
were performed in visually identified SNc
neurons from acute brain slices prepared
from young rats (P14 –P20). Cells were
voltage clamped at �55 mV and 1 �M te-
trodotoxin was included in the bath to in-
hibit cell firing. Ca 2� mobilization was
monitored by loading the cell with a
Ca 2�-sensitive dye (fluo-4) via the patch
pipette. This experimental setup allowed
us to simultaneously monitor Ca 2� mo-

bilization and changes in the holding current. Application of the
nonselective muscarinic receptor agonist Oxo-M (1 �M) induced
a robust and reversible increase in Ca 2� mobilization in all of the
cells examined (Fig. 4A,B). Consistent with previous studies
(Lacey et al., 1990), application of mAChR agonist also induced a
robust and reversible inward current in these neurons (Fig. 4C).
Both of these effects were completely blocked by pretreatment
with the nonselective mAChR antagonist scopolamine (n � 3;
data not shown). These results confirm the presence of a func-
tional mAChR located postsynaptically on SNc neurons.

To determine whether these effects were mediated by the M5

receptor, we performed experiments using submaximal Oxo-M
concentrations in combination with the M5-selective PAM
VU0238429. Bath application of 3 �M Oxo-M induced a Ca 2�

mobilization response (0.20 	 0.03 �F/F) that was well below the
maximal response elicited by higher Oxo-M concentrations. Ad-
dition of 10 �M VU0238429 had no significant effect on Ca 2�

mobilization alone, but significantly potentiated the response to
3 �M Oxo-M (0.36 	 0.07 �F/F; Fig. 5C,D). Addition of 3 �M

Oxo-M also induced inward currents (70.6 	 12.4 pA, n � 8; data
not shown). However, the inward current induced by this con-
centration of Oxo-M was near the maximal response. Although
these currents were augmented by VU0238429, this effect did not
reach statistical significance (84.0 	 9.6 pA, n � 8; data not
shown). Therefore, for studies of inward currents, we reduced the
Oxo-M concentration to 500 nM. At this lower concentration,
Oxo-M induced a submaximal inward current, as shown in Fig-
ure 5, A and B (29.6 	 1.0 pA), that was significantly potentiated
by inclusion of VU02384529 (38.9 	 1.9 pA; Fig. 5B). Simulta-
neous recordings of Ca 2� mobilization revealed that 500 nM

Oxo-M induced a Ca 2� response (0.22 	 0.07 �F/F; data not
shown) that was potentiated by VU0238429 (0.30 	 0.08 �F/F;
data not shown); however, this effect did not reach statistical
significance. To confirm a role for M5 in mediating these re-
sponses, Ca 2� mobilization and inward currents were monitored
in SNc neurons from acute slices of either wild-type or M5 KO
mice. Similar to experiments in acute rat slices, bath application
of 10 �M Oxo-M induced robust inward currents (47.8 	 5.1 pA)

Figure 5. VU0238429 potentiates both Ca 2� mobilization and inward currents induced by submaximal Oxo-M concentrations.
A, Sample traces depicting inward currents observed upon addition of 500 nM Oxo-M in the presence or absence of VU0238429. B,
VU0238429 significantly increased the magnitude of inward current evoked by addition of 500 nM Oxo-M (n � 6). C, Sample traces
depicting Ca 2� responses observed upon addition of 3 �M Oxo-M with or without VU0238429. D, Inclusion of 10 �M VU0238429
significantly increases the peak Ca 2� response observed with 3 �M Oxo-M (n � 8). All averaged data are shown as the mean 	
SEM. *Significant difference from control ( p 
 0.05, two-tailed Student’s t test). Experiments were performed in slices prepared
from P15–P20 Sprague Dawley rats.

Figure 6. Oxo-M induces inward currents and Ca 2� mobilization in wild-type, but not M5

KO mice. Sample traces from experiments depicting representative responses upon addition of
10 �M Oxo-M to slices prepared from a wild-type mouse (A) or M5 KO mouse (B). Although
Oxo-M-mediated responses were completely absent in M5 KO mice, these neurons retained
their ability to respond to 3,5-dihydroxyphenylglycine (DHPG), an agonist of Group I metabo-
tropic glutamate receptors (C, D; n � 4 – 6). Experiments were performed in slices prepared
from P30 –P90 wild-type or M5 KO mice.
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and Ca 2� mobilization (0.21	.06 �F/F)
in SNc neurons from wild-type mice (Fig.
6A). These Oxo-M-mediated responses
were completely absent in M5 KO mice
(Fig. 6B), indicating that M5 expression is
required for Oxo-M-mediated inward
currents and Ca 2� mobilization in SNc
neurons. Although SNc neurons from M5

KO mice no longer responded to bath ap-
plication of Oxo-M, they retained their
ability to respond to bath application of
the group I mGluR agonist 3,5-
dihydroxyphenylglycine (DHPG; Fig.
6B), indicating that SNc neurons from
these mice are capable of mediating inward
currents and Ca2� mobilization. These re-
sults support previous anatomical studies
suggesting that the M5 receptor is the only
mAChR subtype expressed on midbrain
dopamine neurons (Weiner et al., 1990) and
demonstrate that the novel M5 PAM
VU0238429 potentiates responses to mAChR
agonists in these cells.

Activation of the M5 receptor increases
the tonic firing rate of SNc neurons
Inward currents and Ca 2� mobilization
are often, but not always, associated with
increased neuronal excitability. To deter-
mine whether M5 activation could in-
crease the spontaneous firing rate of SNc
neurons, perforated patch recordings
were performed in acute slices from wild-
type or M5 KO mice. Consistent with pre-
vious reports (Guzman et al., 2009), SNc
neurons from wild-type mice fired spon-
taneous action potentials with a low fre-
quency (2.55 	 0.16 Hz, n � 17) and tonic
firing pattern. Bath application of 10 �M

Oxo-M induced a reversible increase in
SNc firing rate in wild-type mice (0.72 	
0.16 Hz increase in firing rate; Fig.
7A,B,E), but had little to no effect in M5

KO mice (�0.02 	 0.03 Hz change in fir-
ing rate; Fig. 7C–E). In wild-type mice,
Oxo-M-induced increases in firing rate
were concurrent with increases in spike half-widths (Fig. 7F). To
determine whether VU0238429 could alter the firing rate, exper-
iments were performed with a submaximal concentration of
Oxo-M. In wild-type mice, application of 300 nM Oxo-M in-
duced an increase in firing rate (0.36 	 0.08 Hz increase, n � 7;
data not shown) that was potentiated by pretreatment with
VU0238429 (0.53 	 0.08 Hz increase, n � 7; data not shown),
although this effect did not reach statistical significance. Collec-
tively, these results suggest that M5 activation results in an in-
crease in the intrinsic excitability of SNc neurons, which is
consistent with somatodendritic M5 activation being stimulatory
in these neurons.

Activation of striatal M5 inhibits electrically evoked
dopamine overflow
Previous studies using M5 KO mice have suggested that M5 may
play a role in regulating dopamine release from SNc terminals in

the striatum (Bendor et al., 2010). Here, we monitored dopamine
overflow in the dorsolateral striatum of coronal brain slices via fast
scan cyclic voltammetry to elucidate whether the M5 receptor can
regulate striatal dopamine release. Dopamine release was evoked via
application of a single electrical pulse (1 ms) and monitored at a
proximal carbon fiber electrode. In coronal brain slices, electrical
stimulation induced a background subtracted voltammogram that
was consistent with that observed upon calibration of the carbon
fiber in dopamine-containing buffer (Fig. 8A). Electrical stimulation
induced a rapid and transient increase in extracellular dopamine
(Fig. 8B), the magnitude of which was stable when stimulations were
applied at intervals of 2.5 min. Consistent with previous studies,
application of Oxo-M induced a concentration-dependent reduc-
tion in electrically evoked dopamine release. Application of 1 �M

Oxo-M to coronal rat brain slices induced a submaximal reduction
in dopamine overflow (Fig. 8C), resulting in a reduction of dopa-
mine overflow equal to 65.5 	 7.4% of baseline.

Figure 7. Addition of Oxo-M increases spontaneous firing in SNc neurons from wild-type (WT), but not M5 KO mice. A, In WT
mice, addition of 10 �M Oxo-M increased the rate of cell firing, but had little to no effect on firing pattern. B, Time course of a
representative experiment depicting a robust and reversible increase in cell firing upon addition of Oxo-M. C, D, Neurons from M5

KO mice display spontaneous tonic firing but do not respond to application of Oxo-M. E, Averaged changes in firing rates upon
addition of 10 �M Oxo-M in neurons from either WT or M5 KO mice (n � 5). *Different from WT p 
 0.01, Student’s t test. F,
Increases in firing rate were concurrent with increases in the spike half-width (# denotes different from baseline p 
 0.01; paired
Student’s t test). Experiments were performed in slices prepared from P30 –P90 wild-type or M5 KO mice.
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Addition of VU0238429 alone had no effect on electrically
evoked dopamine release in brain slices from rats, but signifi-
cantly enhanced the reduction observed upon application of 1
�M Oxo-M (45.7 	 5.2% of baseline; Fig. 8D,E). Pretreatment
with the nonselective antagonist scopolamine completely blocked
any inhibition observed with VU0238429 and 1 �M Oxo-M (Fig.
8E). Accordingly, potentiation of M5 via addition of VU0238429
induces a mAChR-mediated inhibition in the magnitude of
evoked dopamine release in the striatum.

To determine whether VU0238429 modulates evoked dopa-
mine overflow in the striatum via the M5 receptor, experiments
were performed in both wild-type and M5 KO mice. In wild-type

mice, bath application of 10 �M Oxo-M
decreased evoked dopamine overflow to
44.7 	 5.1% of baseline. VU0238429
alone had no effect on dopamine release,
but amplified Oxo-M-induced inhibition
of dopamine release (Fig. 9B,C). How-
ever, VU0238429 did not significantly al-
ter the inhibition of evoked dopamine
overflow induced by a lower concentra-
tion of Oxo-M in wild-type mice (3 �M;
Fig. 9A), suggesting that the more potent
effects of Oxo-M on dopamine overflow
may be mediated by other mAChR sub-
types. Consistent with previous reports
(Bendor et al., 2010), Oxo-M (10 �M) re-
duced electrically evoked dopamine re-
lease in M5 KO mice to a greater extent
than in than wild-type mice (15.8 	 3.9%
of baseline in M5 KO and 44.7 	 5.1% of
baseline in wild-type mice). Because ap-
plication of 10 �M Oxo-M induced a
nearly maximal inhibition of dopamine
release in M5 KO mice, submaximal
Oxo-M concentrations of 1 and 3 �M were
examined. Addition of 3 �M Oxo-M re-
duced evoked dopamine release (81.1 	
15.3% of baseline), but the enhancement
of this effect by VU0238429 was absent in
M5 KO mice (74.0 	 14.1% of baseline;
Fig. 9E,F). Similarly, inhibition of dopa-
mine overflow by application of 1 �M

Oxo-M to striatal slices from M5 KO mice
(75.3 	 4.7 of baseline n � 5) was not
significantly altered by VU0238429 (72.4 	
14.4 n � 5; Fig. 9D,F). The efficacy of
VU0238429 in modulating Oxo-M re-
sponses in wild-type mice, but not M5 KO
mice, suggests that VU0238429 modu-
lates dopamine release via the M5 recep-
tor. Collectively, these results further
suggest that activation of M5 in the stria-
tum results in an inhibition of electrically
evoked dopamine release.

Discussion
Clinical studies with compounds that di-
rectly or indirectly modulate mAChRs
have suggested that modulation of these
receptors can be efficacious in treating
cognitive, behavioral, and psychotic symp-
toms observed in numerous CNS disor-
ders including schizophrenia, Alzheimer’s

disease, and PD (Eglen et al., 1999; Katzenschlager et al., 2003;
Shekhar et al., 2008). Unfortunately, treatments that broadly
modulate mAChR signaling are hampered by dose-limiting ad-
verse effects that are thought to be mediated primarily by periph-
eral M2 and M3 receptors (Bymaster et al., 2003). To date,
elucidating the physiological roles and contributions of individ-
ual mAChR subtypes to the clinical efficacy of nonselective
mAChR modulators has been challenging due to the paucity of
subtype-selective compounds. We now report that VU0238429 is
a PAM with unprecedented selectivity for the rat M5 receptor.
Previous reports suggested that some GPCR allosteric modula-

Figure 8. VU0238429 enhances Oxo-M-mediated attenuation of electrically evoked dopamine release in the striatum. Dopa-
mine overflow was monitored using fast scan cyclic voltammetry. A, Background-subtracted voltammograms depict the responses
observed upon calibration in dopamine-containing buffer (top) or electrically evoked striatal dopamine overflow (middle). B,
Representative time course of electrically evoked dopamine overflow; arrow depicts time of stimulation. Electrical stimulations
were applied every 2.5 min and data are depicted as the normalized peak dopamine response. C, D, Time courses of representative
experiments showing that addition of 1 �M Oxo-M resulted in a reversible inhibition in dopamine release that was further inhibited
when applied with VU0238429. E, Averaged data depicting the normalized evoked-dopamine overflow observed with various
treatments (n � 5–9). Experiments including 10 �M scopolamine were pretreated 20 min before addition of VU0238429 and 1
�M Oxo-M. Data are depicted as the mean 	 SEM. *Significant difference from 1 �M Oxo-M ( p 
 0.05, one-way ANOVA with a
post hoc Bonferroni test). #Significant difference from VU0238429 � 1 �M Oxo-M ( p 
 0.01, one-way ANOVA with a post hoc
Bonferroni test). Experiments were performed in slices prepared from P15–P20 Sprague Dawley rats.
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tors display species selectivity (Chan et al., 2008; Suratman et al.,
2011; Valant et al., 2012). We found that VU0238429 maintained
M5 electivity across both human and rat mAChRs when these
receptors were individually expressed in cell lines. In addition,
VU0238429 had similar effects on DA neuron function in both
mice and rats, suggesting that this compound is active at poten-
tiating M5 across these species. Furthermore, the effects of
VU0238429 were absent in M5 KO mice. However, although
VU0238429 is highly selective for rat M5, further studies examin-
ing the subtype selectivity and probe dependence of VU0238429
across all subtypes of mouse mAChRs will be necessary to estab-
lish definitively its selectivity in this species. As with previously
reported PAMs at other mAChR subtypes (Shirey et al., 2008; Ma
et al., 2009; Shirey et al., 2009), VU0238429 does not display any
affinity for the orthosteric binding site of the rM5 receptor and, in
the assays examined, had little to no agonist activity at the rM5

receptor. Instead, VU0238429 acts at an allosteric site, where it
potentiates activation of the receptor by a variety of orthosteric
agonists (ACh, Oxo-M, and CCh) with a high degree of M5 selec-
tivity, validating the utility of VU0238429 as a useful tool com-
pound for studies in native tissue. The allosteric mechanism of
action of VU0238429 has several advantages compared with tra-
ditional orthosteric agonists/antagonists. Because PAMs bind to
allosteric sites on the receptor, and not to the highly conserved
orthosteric binding site, these compounds have the potential to
display unprecedented subtype selectivity. The mechanism of ac-
tion of allosteric modulators, which necessitates the presence of

endogenous agonist for receptor activation, may also provide
therapeutic benefits by maintaining the temporal signaling pat-
tern of cholinergic circuits in the brain. The activity dependence
observed with VU0238429 is similar to that observed with the
benzodiazepine class of GABAA modulators, which provide safe
and effective treatment of sleep and anxiety disorders, an out-
come not attained with directly acting GABAA agonists (Möhler
et al., 2002).

Allosteric modulators can potentiate receptor signaling by in-
creasing the affinity and/or efficacy of orthosteric agonists. In
functional assays, we found that 10 �M VU0238429 left-shifted
thedose–responsecurveofAChby21-fold,whereasinradioligand-
binding assays, the same concentration of VU0238429 induced
an 8-fold leftward-shift in the ACh affinity at M5. This suggests
that although VU0238429 increases the affinity of the M5 recep-
tor for ACh, the magnitude of this change is not sufficient to fully
account for the change in potency observed in functional assays.
These findings are similar to those previously reported with the
M4 PAM VU10010 and, in both cases, the mechanism of action is
likely bimodal involving both an increase in agonist affinity and
an increase in the efficiency with which the agonist-bound recep-
tor couples to downstream signaling pathways (Shirey et al.,
2008).

The M5 receptor is the only mAChR detectable in midbrain
dopamine neurons (Weiner et al., 1990). This, coupled with the
restricted expression pattern of the M5 receptor, has made it an
attractive target with which to selectively modulate dopaminergic

Figure 9. VU0238429 enhances Oxo-M-mediated inhibition of dopamine overflow in wild-type but not M5 KO mice. Representative experiments depicting the inhibition of dopamine overflow
observed in slices from wild-type mice treated with 3 �M Oxo-M (A) or 10 �M Oxo-M (B) in either the presence or absence of VU0238429. C, Averaged data depicting the normalized percentage
inhibition observed with various treatments. Data are graphed as the means 	 SEM (n � 3–7). *Different from 10 �M Oxo-M, p 
 0.05, one-way ANOVA followed by a post hoc Bonferroni test.
Representative experiments depicting the inhibition of dopamine overflow observed in slices from M5 KO mice upon addition of 1 �M Oxo-M (D) or 3 �M Oxo-M (E) in either the presence or absence
of VU0238429. F, Averaged data depicting the normalized percentage inhibition observed with various treatments. Data are graphed as the means 	 SEM (n � 4 –5). Experiments were performed
in slices prepared from either wild-type or M5 KO mice at P30 –P90.
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function. The M5 gene has been linked to schizophrenia suscep-
tibility in humans (De Luca et al., 2004) and M5 KO mice display
blunted responses to drugs of abuse (Basile et al., 2002; Thomsen
et al., 2005) and deficits in prepulse inhibition (Thomsen et al.,
2007), all findings consistent with the M5 receptor playing an
important role in regulating dopaminergic system function. The
present studies using a novel subtype-selective M5 PAM in brain
slices from both rats and mice provide evidence that M5 directly
modulates dopamine neurons. The similarity in results obtained
in both young rats (P15–P19) and more mature mice (P30 –P90)
suggests that M5-mediated modulation of dopamine neuron
function is not unique to a single species or developmental stage.

Midbrain dopamine neurons receive two distinct cholinergic
inputs from the hindbrain and forebrain. Neurons in the pedun-
culopontine nuclei (PPN) and the laterodorsal tegmental nuclei
of the brainstem innervate dopamine neurons dendrosomati-
cally, whereas interneurons in the striatum or nucleus accumbens
innervate proximal dopamine terminals (Mena-Segovia et al.,
2008; Oldenburg and Ding, 2011). Electrical stimulation of the
PPN induces long-lasting increases in striatal dopamine release in
vivo, an effect that is absent in M5 KO mice (Steidl et al., 2011).
Similar studies have demonstrated that PPN-evoked striatal do-
pamine release can be inhibited by local infusion of either
mAChR or nAChR antagonists in the SNc (Lester et al., 2010).
These previous studies, together with the present results, provide
strong evidence that stimulation of PPN cholinergic inputs leads
to excitatory effects on SNc dopamine neurons via activation of
somatodendrically located M5 receptors, which ultimately in-
duce striatal dopamine release.

In addition to cholinergic inputs from the PPN, dopaminergic
transmission is also strongly influenced by cholinergic interneu-
rons located in the striatum. Cholinergic inputs from the hind-
brain do not project to the striatum, suggesting that striatal
interneurons provide the sole source of cholinergic innervation
to striatal neurons and dopaminergic terminals. It has been well
established that application of the nonselective mAChR agonist
Oxo-M in the striatum can completely inhibit dopamine release
induced by proximal electrical stimulation. However, the contri-
bution of various mAChR subtypes to this effect has been of
considerable debate (for review, see Rice et al., 2011). Our finding
that Oxo-M not only retains efficacy in attenuating dopamine
release in M5 KO mice, but actually is more efficacious, is consis-
tent with previous reports (Bendor et al., 2010) suggesting that
numerous mAChR subtypes other than M5 play important roles
in regulating striatal dopamine release. However, interpreting
studies from genetically modified animals can be complicated by
developmental and compensatory changes. It has been reported
that mice expressing a mutant M5 receptor overexpress the D2

dopamine receptor subtype in the striatum, a key regulator of
dopamine release (Wang et al., 2004). The discovery of the M5-
selective modulator VU0238429 allowed us to examine directly
the role of M5 receptors in nongenetically modified mice and rats.
In both mice and rats, VU0238429 significantly potentiated the
inhibition of electrically evoked dopamine overflow observed
with submaximal concentrations of Oxo-M. The effects of
VU0238429 were completely absent when experiments were per-
formed either in the presence of the mAChR antagonist scopol-
amine or in M5 KO mice, suggesting that VU0238429 is
mediating its effects via the M5 receptor. These unexpected re-
sults suggest that, in wild-type mice and rats, activation of M5

leads to an inhibition in striatal dopamine release. Because M5

has been detected on dopamine neurons and not on other striatal
neurons, these effects are presumably mediated by presynapti-

cally localized M5 receptors. However, we cannot rule out the
possibility that M5 could be located on other neurons in the stria-
tum. Further studies will be needed to elucidate the precise mech-
anism(s) whereby M5 activation results in a reduction of evoked
dopamine release. In addition, VU0239429 was only effective at
modulating Oxo-M-mediated reductions in dopamine release in
wild-type mice at higher concentrations of Oxo-M. These results,
combined with the enhanced efficacy of Oxo-M in M5 KO mice,
suggest that other mAChR subtypes may influence dopaminergic
signaling to a greater extent than M5. Previous studies have dem-
onstrated that Oxo-M-mediated inhibition of dopamine release
has been reported to be absent in M2 KO and M4 KO mice (Threl-
fell et al., 2010), but not in M5 KO mice. Accordingly, although
the results reported here suggest that striatal M5 activation re-
duces striatal dopamine signaling, it is likely that this modulation
is less influential than signaling mediated via the M2/M4 subtypes.

This study represents a first step in elucidating the importance
of M5 receptor activation in modulating dopaminergic transmis-
sion. Discovery of a highly selective M5 modulator has allowed
the unprecedented opportunity to potentiate this receptor sub-
type selectively and determine the significance of M5 activation.
Although the studies here have focused on the SNc/striatum,
future studies will be necessary to determine whether M5 regu-
lates the VTA/NAc in a similar manner. The finding that soma-
todendritic M5 activation can stimulate SNc dopamine neuron
activity, whereas striatal M5 activation inhibits dopamine release
from nigrostriatal synapses, suggests that M5 can have directly
opposing effects depending on the receptor’s localization. Al-
though having one receptor subtype mediate directly opposing
effects may seem contradictory, these two M5 receptor popula-
tions are activated by completely independent cholinergic inputs.
It is likely that the comparative importance of these two cholin-
ergic inputs to dopamine neuron function will shift as various
mental processes are accentuated. Interestingly, a recent study
demonstrated that selective ablation of forebrain or hindbrain
cholinergic systems produced opposing effects on the locomo-
tion of mice placed in a novel environment, effects that were
normalized when both cholinergic systems were ablated. This
suggests that these cholinergic systems may differentially regulate
both striatal dopaminergic transmission and ultimately explor-
atory behaviors (Patel et al., 2012). To further elucidate the net
consequence of M5 activation on dopaminergic function would
require an M5-selective compound with suitable properties for in
vivo dosing. Unfortunately, when administered systemically to
rats, VU0238429 demonstrated poor exposure with low concen-
trations in the brain. In the past, our group has had great success
in optimizing PAMs and current efforts are under way to identify
an M5-selective compound with improved physiochemical prop-
erties. The discovery of such compounds will be critical for de-
termining the impact of M5 receptor activation on dopaminergic
function under both physiological and pathological conditions.
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