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ABSTRACT: The striatum is the main input station of the basal ganglia
and is extensively involved in the modulation of motivated behavior.
The information conveyed to this subcortical structure through glutamatergic
projections from the cerebral cortex and thalamus is processed by the activity
of several striatal neuromodulatory systems including the cholinergic
system. Acetylcholine potently modulates glutamate signaling in the
striatum via activation of muscarinic receptors (mAChRs). It is, however,
unclear which mAChR subtype is responsible for this modulatory effect.
Here, by using electrophysiological, optogenetic, and immunoelectron
microscopic approaches in conjunction with a novel, highly selective M4
positive allosteric modulator VU0152100 (ML108) and M4 knockout mice,
we show that M4 is a major mAChR subtype mediating the cholinergic
inhibition of corticostriatal glutamatergic input on both striatonigral and striatopallidal medium spiny neurons (MSNs). This
effect is due to activation of presynaptic M4 receptors, which, in turn, leads to a decrease in glutamate release from corticostriatal
terminals. The findings of the present study raise the interesting possibility that M4 mAChR could be a novel therapeutic target
for the treatment of neurological and neuropsychiatric disorders involving hyper-glutamatergic transmission at corticostriatal
synapses.
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The striatum is the main entry to the basal ganglia circuitry.
It is mostly comprised of medium spiny neurons (MSNs),

accounting for more than 95% of all striatal neuronal popula-
tion.1 MSNs are generally subdivided in two broad subpopula-
tions, D1 MSNs (direct pathway) and D2 MSNs (indirect
pathway). A balanced activation of these two pathways is
necessary for normal motor and nonmotor functions. MSNs
activity is driven by conspicuous glutamatergic afferents from the
cerebral cortex and thalamus,2 while neuromodulators such as
dopamine (DA) and acetylcholine (ACh) regulate neuronal
excitability and responses to glutamate. Abnormalities in striatal
neuromodulators signaling that affect glutamatergic transmission
have been implicated in the etiology of neuropsychiatric and
neurodegenerative disorders including Parkinson’s disease,
Huntington’s disease, schizophrenia, and depression.3−5

ACh reduces corticostriatal glutamate release through the
activation of presynaptic muscarinic receptors.6−8 Recent studies
have implicated specific changes in transmission at corticostriatal
synapses, including alterations of cholinergic modulation of
corticostriatal transmission in multiple basal ganglia disorders
such as dystonia,9 obsessive compulsive disorder (OCD),10 and
addictive disorders.11 Based on this, it has been postulated that
selectively targeting mAChR involved in regulating cortico-
striatal transmission could provide a novel approach for the
treatment of these and other basal ganglia disorders. Previous
anatomical and pharmacological studies suggested that the M2

and possibly M3 mAChR subtypes play a dominant role in
regulating corticostriatal transmission.12−16 However, the lack of
highly selective subtype-specific pharmacological tools has made
it difficult to determine the exact role of individual mAChR
subtypes in the regulation of striatal glutamatergic signaling.
Interestingly, while M4 is expressed postsynaptically on striatal
projection neurons and interneurons,17,18 it is also found
together with M2, in presynaptic glutamatergic terminals in the
rodent striatum.19

In the present study, we use the novel, highly selective,
M4 positive allosteric modulator (M4-PAM), VU0152100
(ML108),20 in combination with electrophysiology, optoge-
netics, and mice bearing genetic deletion of M4 to demonstrate
that M4 mAChRs play an essential role in the cholinergic
inhibition of corticostriatal glutamatergic transmission.

■ RESULTS AND DISCUSSION
M4mAChR Activation Decreases Glutamatergic Trans-

mission at Corticostriatal Synapses. Although cholinergic
muscarinic receptors (mAChRs) play an important role in re-
gulating glutamatergic transmission at corticostriatal synapses,
the specific mAChR subtype(s) responsible for this effect has not
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been determined. In this study, we used a highly selective
M4-PAM, VU0152100, to define the role of M4 in regulating
glutamatergic transmission at the corticostriatal synapse onto
MSNs. Consistent with previous studies,6,7,14 mAChR activation
with carbachol (CCh) caused a concentration-dependent inhibi-
tion of EPSCs evoked in MSNs by stimulating the corticostriatal
afferent fibers (12.4± 4.7% inhibition at 1 μM, n = 5; 36.9± 5.9%
inhibition at 3 μM, n = 10; Figure 1; p < 0.05, t test). When
coapplied with VU0152100 (5 μM), both concentrations of
CCh induced significantly greater depression of EPSC amplitude
compared with CCh alone (Figure 1, p < 0.01). Application of
5 μM VU0152100 alone also caused a small, but significant, re-
duction of EPSC amplitude (n = 10, p < 0.01), likely due to
potentiation of endogenous ACh action on M4. Furthermore, in
M4-KO mice CCh (3 and 100 μM) failed to inhibit EPSCs
(Figure 2; p > 0.05, paired t test), which were significantly
different from theCCh effects inWT (Figure 2; p < 0.01 for 3 μM
CCh and p < 0.001 for 100 μM CCh). Taken together, these
results suggest that muscarinic depression of excitatory trans-
mission at corticostriatal synapses is mediated mainly by M4.
M4-Mediated Depression of EPSCs is Due to Decrease

in Glutamate Release by Activation of Presynaptic M4
mAChRs. The potentiation of CCh-induced depression of
EPSCs by VU0152100 is associated with an increase in paired
pulse ratio (PPR) (Figure 1, n = 6, p < 0.05, paired t test), thereby
indicating that M4-mediated depression of EPSCs in MSNs is
likely due to decrease in presynaptic glutamate release.
Because basal ganglia function relies on balanced output from

D1 and D2 MSNs (see above), we sought to determine if M4
activation has differential modulatory effects on corticostriatal

synapses in D1 vs D2MSNs. Using D1-EGFP mice, we recorded
EPSCs fromD1MSNs and non-D1MSNs (putative D2MSNs).
As in WT mice (Figure 1B, D), CCh (3 μM) reduced EPSC
amplitude in both D1 and non-D1 MSNs to a similar extent
(n = 4 and n = 6, respectively, p > 0.05; Figure 3C, D). In the pres-
ence of VU0152100 (5 μM), CCh (3 μM) caused a significantly

Figure 1. VU0152100 potentiates CCh-induced reduction of EPSC amplitude at corticostriatal synapses in MSNs. (A,B) Representative traces of
averaged EPSCs showing the effects of 1 μM CCh (A1), 3 μM CCh (B1), 1 μM CCh with 5 μM VU0152100 (A2), and 1 μM CCh with 5 μM
VU0152100 (B2) on EPSCs. (C,D) Bar graphs summarizing the potentiation effect of VU0152100 on the CCh-induced reduction of EPSC amplitude
by 1 μMCCh (C) and 3 μMCCh (D). Data are presented as mean ± SEM (**p < 0.01, t test). Insets show the effects of VU0152100 + CCh on PPR
(inset in C: 5 μM VU0152100 with 1 μM CCh; inset in D: 5 μM VU0152100 with 3 μM CCh, *p < 0.05, paired t test).

Figure 2. Loss of CCh effect on EPSCs in M4 KO mice. (A,B)
Representative traces of averaged EPSCs showing the effects of 3 μM
CCh (A) and 100 μMCCh (B) on EPSCs inWTmice (A1 and B1) and
M4 KO mice (A2 and B2). (C) Bar graph summarizing the effects of
3 μM and 100 μM CCh on EPSC amplitude in WT and M4-KO mice.
Bars represent the percentage inhibition compared to baseline shown as
mean ± SEM (**p < 0.01, ***p < 0.001, t test).
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greater depression of EPSC amplitude than CCh alone in both
D1 (Figure 3C, n = 4) and non-D1 MSNs (Figure 3D, n = 5;
p < 0.01 for bothD1 and non-D1MSNs). Also, theM4-dependent
potentiation of CCh-induced depression of EPSCs was associated
with increases in PPR forD1 and non-D1MSNs (Figure 3C andD
insets; p < 0.05 in a paired t test, for both D1 and non-D1MSNs).

These results indicate that M4 is critically involved in cholinergic
modulation of glutamate release at corticostriatal synapses on both
direct and indirect pathway MSNs.
To determine if postsynaptic M4 receptors played any roles

in this effect, we substituted GTP in the intracellular solution
with GDP-β-S (100 μM), a nonhydrolyzable analogue of GDP

Figure 3. M4-mediated depression of EPSCs is due to decrease in glutamate release by activation of presynaptic M4 mAChRs. (A,B) Representative
traces of averaged EPSCs showing the effects of 3 μMCCh in the presence of 5 μM VU1052100 in D1 (A) and non-D1 (B) MSNs. (C,D) Bar graphs
summarizing the potentiation effect of VU0152100 on the CCh-induced reduction of EPSC amplitude in D1 (C) and non-D1 (D) MSNs. Insets show
the effect of 3 μMCCh + 5 μMVU0152100 on PPR in D1 (C) and non-D1 (D) MSNs. Bars represent the percentage inhibition compared to baseline
shown as mean ± SEM (*p < 0.05, paired t test; **p < 0.01, t test). (E) Representative traces of averaged EPSCs (left) and summary bar graph (right)
showing the effect of 3 μM CCh on EPSC amplitude in MSNs recorded with patch pipets with and without GDP-β-S (*p < 0.05, t test). (F) Electron
micrographs showing M4-immunoreactive terminals (Te) forming asymmetric axo-spinous synapses with unlabeled and labeled spines (an unlabeled
terminal also shown, u.Te). Scale bars: 0.5 μm. (G) Representative traces of averaged EPSCs (left) and summary bar graph (right) showing the effect of
3 μM CCh on EPSC amplitude in the presence of the cocktail of D1/D2 antagonists (*p < 0.05, paired t test).

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn500003z | ACS Chem. Neurosci. 2014, 5, 318−324320



blocking G-protein-coupled-receptor signaling, and found that
CCh (3 μM) caused a similar inhibition of EPSC amplitude
under this condition (GDP-β-S n = 5; GTP, n = 10; p > 0.05
t test; Figure 3E). Collectively, these data suggest that cholinergic
inhibition of corticostriatal synaptic transmission is primarily
mediated by presynaptic M4 mAChRs. The anatomical sub-
strate for these physiological effects was further confirmed at the
electron microscopic level showing substantial presynaptic M4
expression in putative glutamatergic terminals forming axo-
spinous asymmetric synapses in the rodent striatum (Figure 3F).
M4 activation modulates dopamine release in the striatum,

while dopamine receptor activation regulates corticostriatal syn-
aptic transmission.21,22 To determine if M4-mediated reduction
of corticostriatal glutamatergic transmission is indirectly
mediated through muscarinic modulation of the nigrostriatal
dopaminergic system, we performed an experiment analogous to
that in Figure 2, in the presence of a cocktail of D1 and D2
receptor antagonists (20 μM SCH23390/10 μM sulpiride). This
cocktail had no significant effect on EPSC amplitude (p > 0.05,
paired t test). Subsequent coapplication of 3 μM CCh with the
D1/D2 antagonists, indeed, reduced EPSC amplitude compared
to baseline (p < 0.05, paired t test), with a magnitude similar
to that observed with 3 μM CCh alone (p > 0.05, Figure 3G).
These data indicate that the M4-mediated modulation of
glutamatergic transmission at corticostriatal synapses does not
rely upon M4-mediated effects on the nigrostriatal dopaminergic
system.
M4-PAM Enhances EPSC Depression Induced by

Synchronized Activation of Cholinergic Interneurons
(ChIs). To further characterize the impact of endogenous ACh
release on M4-mediated regulation of corticostriatal glutamater-
gic transmission in MSNs, we used optogenetic techniques to
induce a brief increase in ChIs activity and determine if M4
activation under such physiological conditions could modulate
corticostriatal glutamatergic transmission in MSNs. This was
achieved by using transgenic mice that express an improved
channelrhodoposin-2/EYFP fusion protein (mhChR2::YFP) in
ChIs under the control of mouse choline acetyltransferase
promoter (31). Illuminating ChR2-expressing ChIs with blue
light resulted in a rapid and reversible increase in action potential
firing of these neurons that allowed for precise control of the
timing of ACh release in a more physiologically relevant manner.
As illustrated in Figure 4A and B, blue light stimulation (473 nm,
22 mW, 500 ms) caused a significant increase in ChIs firing rate
in brain slices from ChAT-ChR2-EYFP mice (n = 6, p < 0.05,
paired t test). Blue light stimulation (473 nm, 22 mW, 500 ms)
caused a significant increase in ChIs firing rate in brain slices from
ChAT-ChR2-EYFP mice (n = 6, p < 0.05, paired t test, Figure 4A
and B). When the brief light pulse was delivered 25 ms prior to
the electrical stimulation of the corpus-callosum, the amplitude
of evoked EPSCs decreased by 9.7± 4.0% (n = 6, p > 0.05, paired
t test; Figure 4C and D), similar to that reported in the previous
study using electrical activation of ChIs in ChI-MSN pair
recordings.8 In the presence of VU0152100 (5 μM), the light
stimulation caused a significantly greater depression of EPSC
amplitude (32.2± 4.2% inhibition, n = 5, vs 9.7± 4.0% inhibition
without VU0152100, n = 6, p < 0.01, t test, Figure 4C and D).
Scopolamine (20 μM) pretreatment completely abolished the
effects of VU0152100 and light stimulation on EPSCs (n = 5,
p < 0.01, t test, Figure 4C and D).
The present results provide several lines of evidence that M4 is

a key mAChR subtype mediating the muscarinic modulation of
glutamatergic transmission at corticostriatal synapses on both

striatonigral and striatopallidal MSNs in rodents. First, the highly
selective M4-PAM VU0152100 potentiated the CCh-induced
reduction of EPSC amplitude through a mechanism involving a
decrease in glutamate release. This inhibitory effect of CCh on
glutamatergic transmission was completely absent in M4-KO
mice. In addition, our electrophysiological data, combined
with electron microscopic observations from this and previous
studies,16,17 indicate that the M4-PAM potentiation of CCh-
induced effects is largely mediated through presynaptic
mechanisms that affect corticostriatal synapses on both D1 and
D2 striatal MSNs. Moreover, the fact that the blockade of
postsynaptic GPCRs with GDP-β-S loaded intracellularly had no
significant effect on CCh-induced depression of EPSCs argues
against the role of postsynaptic M4 in regulating glutamate
release at this synapse. Because M4 receptors are also expressed
postsynaptically mostly in D1 MSNs,16 future studies are
warranted to determine the role of postsynaptic M4 mAChRs
in regulating MSNs activity.
Activation of mAChRs is known to strongly modulate

dopamine release in the striatum, and previous studies have
postulated that this effect is mediated by M2/M4 mAChR
subtypes.20,23−26 The nigrostriatal dopamine system also plays an
important role in modulating glutamatergic signaling and
neuronal excitability in the striatum.21,27 Thus, the M4-mediated
inhibitory effect on corticostriatal synapses could be confounded

Figure 4. M4-PAM enhances EPSC depression induced by
synchronized activation of cholinergic interneurons (ChIs). (A) A
representative trace of ChI firing in a slice taken from a ChAT-ChR2-
EYFP mouse during control and light stimulation (473 nm, 22 mW, 500
ms, *p < 0.05, paired t test). (B) Bar graph summarizing the effect of
light stimulation on firing rate of ChIs. (C) Representative traces of
averaged EPSCs showing the effect of light (C1), light + VU0152100
(5 μM,C2) and light + VU0152100 (5 μM)+ scopolamine (20 μM,C3)
on EPSC amplitude. (D) Bar graph summarizing the effect on EPSC
amplitude in the following conditions, light stimulation, light with
VU0152100, and light with VU0152100 and scopolamine. Data are
shown as mean ± SEM (**p < 0.01, t test).
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by the muscarinic-dependent modulation of striatal dopamine
signaling that, in turn, can influence glutamate signaling. How-
ever, our results show that in the presence of D1/D2 receptor
antagonists the CCh-induced depression of EPSCs is compar-
able to that seen in control condition, which argues against a
significant role of the dopamine system in contributing to the
M4-mediated presynaptic effects on glutamatergic transmission.
Interestingly, studies performed in mice lacking the M4

mAChR only in D1 dopamine receptor-expressing cells show
that M4 plays a critical role in regulating dopamine signaling and
dopamine dependent behavior.28 We show here that M4 plays an
important part in modulation of glutamatergic transmission both
in D1 and D2 MSNs. Although our data suggest that this effect
is presynaptically mediated, we cannot entirely exclude the
possibility that M4 activity at the postsynaptic membrane could
counteract the facilitating role played by D1 on neuronal
excitability21 particularly of the direct pathway MSNs where M4
is highly expressed.
Early studies suggest that the effect of mAChRs activation on

glutamatergic transmission might be mediated by M2-like and/
orM3.11−15 Nonetheless, the muscarinic receptor ligands used in
those early reports lacked proper specificity for individual
mAChRs subtypes. Here, using a highly selective M4-PAM
VU0152100 in combination with electrophysiology and M4-KO
mice, we show that M4 is the essential mAChR subtype that
mediates the cholinergic depression of corticostriatal glutama-
tergic transmission. It is also worth noting that this effect is
not unique for the corticostriatal synapse. In fact, our previous
studies showed that M4 is also involved in regulating the Shaffer
collateral (SC)-CA1 synapse in the hippocampus.29 Interest-
ingly, in contrast to the corticostriatal synapse where M4 seems
to be the main mAChR subtype mediating the cholinergic
inhibition as demonstrated by the entire lack of the CCh-
mediated effects in M4-KO mice, other mAChR subtypes are
also involved in regulating transmission at the SC-CA1 synapse
because CCh is still able to depress the glutamatergic trans-
mission, albeit to a lesser extent, in M4-KO mice.11 The striking
difference between the corticostriatal and SC-CA1 synapses in
terms of CCh effects in M4-KOmice, especially the entire lack of
action of CCh on glutamatergic transmission at this synapse in
M4-KO mice, led us to conclude that M4 is the key, if not the
sole, mAChR subtype mediating inhibition of glutamatergic
transmission at corticostriatal synapses in rodents. It is note-
worthy that this presynaptic M4-mediated effect on glutamater-
gic transmission is brain region and possibly synapse specific.
Recent work in our laboratory, indeed, revealed that M4 does
not play any significant role in the cholinergic inhibition of
glutamatergic transmission in other basal ganglia nuclei, such as
the subthalamic nucleus (Xiang et al., unpublished data). As M2
and M3 mAChRs are also present in putative glutamatergic
axon terminals that form asymmetric synapses in the rodent
striatum,17 their roles in muscarinic modulation of striatal
glutamatergic transmission remain to be determined.

■ CONCLUDING REMARKS
Changes in striatal cholinergic and glutamatergic functions have
been implicated in a number of neuropsychiatric and neuro-
degenerative disorders including Parkinson’s disease, Hunting-
ton’s disease, Tourette syndrome, obsessive-compulsive disor-
der, schizophrenia, addictive disorders, and major depression.
These diseases are commonly associated with abnormal
glutamatergic transmission at corticostriatal synapses. The data
shown here indicate that M4 plays a pivotal role in the regulation

of corticostriatal glutamatergic transmission. Therefore, selec-
tively targeting the striatal M4 mAChR at these synapses might
provide a significant therapeutic benefit for the treatment of
these neurological and neuropsychiatric disorders. In particular,
highly selective M4-PAMs may be of great therapeutic interest
for various brain diseases involving hyperactivity of the corti-
costriatal glutamatergic system.

■ METHODS
Animals. C57BL/J6 mice (male, 23 ± 3 days of age) were used in

electrophysiologic studies. Male, adult rats were used in EM studies. All
experimental procedures were approved by the Institutional Animal
Care and Use committee at Vanderbilt University or Emory University.
Bacterial artificial chromosome (BAC) D1-EGFP mice expressing
EGFP under the control of the D1 receptor promoter (donated by Dr.
Gregg Stanwood) were used to discriminate striatal D1 from non-D1
(putatively D2) MSNs in brain slices. M4 receptor knockout (M4-KO)
mice were obtained from Taconic.30 ChAT-ChR2-EYFP line-5 mice
(B6.CgTg(Chat-COP4*H134R/EYFP,Slc18a3)5Gfng/J,ChAT-ChR2
mice) expressing the mhChR2::YFP fusion protein in the cholinergic
neurons via the mouse choline acetyltransferase promoter31 were from
Jackson Laboratory.

Ex Vivo Electrophysiology. Coronal brain slices (300−350 μm)
containing the striatum and cortex were prepared as previously
described in our laboratory.32

Whole-cell or cell-attached recordings were made from MSNs
or cholinergic interneurons (ChIs) in the dorsal striatum using an
Axon Multiclamp 700B amplifier (Molecular Devices). All neurons
recorded were visually identified using an Olympus BX50WI micro-
scope equipped with oblique illumination optics and epifluorescence
(Olympus, Japan). Patch pipets were prepared from borosilicate glass
(Sutter Instrument Company) using a P-97 Flaming/Brown micropipet
puller (Sutter Instruments), and had resistance of 3−6 MΩ when filled
with the following intracellular solution (mM): 120 K-MeSO3, 1 MgCl2,
0.1 CaCl2, 10 mMHEPES, 1 EGTA, 12 phosphocreatine, 0.4 GTP, and
2 ATP. The pH of the pipet solution was adjusted to 7.3, and osmolarity
was adjusted to 283−292 mOsm. In some experiments GDP-β-S
(0.1 mM) replaced the intracellular GTP. EPSCs were recorded from
MSNs at −70 mV and evoked by stimulating the corpus callosum every
10 s with a concentric bipolar electrode (FHC). To isolate glutamatergic
excitatory postsynaptic currents, GABAA receptor antagonist bicuculline
(20 μM)was included in artificial cerebrospinal fluid (ACSF) containing
(in mM): NaCl 126, KCl 2.5, NaHCO3 26.2, NaH2PO4 1.25, CaCl2 2,
MgSO4 1.5, D-glucose 10, supplemented with L-ascorbic acid 0.6 mM. In
all the experiments monitoring the effects of VU0152100 on Carbachol
(CCh)-induced decrease in amplitude, the sequence of drug application
was as follows: after 5 min stable baseline recordings, VU0152100
was applied for 5 min followed by 5 min coapplication of VU0152100
and CCh.

For optogenetic stimulation, we used a CoolLED pE-100 illumina-
tion system (CoolLED, U.K.) connected to the Olympus microscope.
The 473 nm blue light beam was applied to the slice through the
40× water immersion objective. To determine the effect of ChIs activa-
tion on EPSCs in MSNs, brief light stimulation (500 ms, 22mW) was
delivered 25ms prior to the electrical stimulation of the corpus callosum.

Data Acquisition and Analysis. Data was acquired using a
Digidata 1440A and pClamp 9.2, and analyzed with Clampfit 9.2
(Molecular Devices). Statistical analysis was performed using Prism 5.0
(GraphPad Software). Data are reported as mean ± SEM.

ImmunoelectronMicroscopy. Rats were deeply anesthetized with
pentobarbital (100 mg/kg, i.v.) and transcardially perfusion-fixed with
a cold oxygenated Ringer’s solution and a fixative containing 0.1%
glutaraldehyde and 4% paraformaldehyde in phosphate buffer (PB;
0.1 M, pH 7.4). Brains were then removed, postfixed for 12 h in 4%
paraformaldehyde solution, cut into serial 60-μm-thick coronal sections
that were collected in an antifreeze solution (1.4% NaH2PO4·H2O,
2.6% Na2HPO4·7H2O, 30% ethylene glycol, 30% glycerol dissolved
in distilled water) and stored in a −20 °C freezer. Prior to the
immunocytochemical processing, the sections were placed into a 1%
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sodium borohydride/PBS solution for 20 min, followed by washes
with PBS.
Sections were incubated with specific antibodies raised against M4 as

described in previous publications17 and then processed according
to the avidin−biotin immunoperoxidase method (ABC) using 3,3′
diaminobenzidine (DAB) as chromogen. Finally, the tissue was
processed for electron microscopy as previously described in detail in
our laboratory.33−35

Reagents. All reagents were purchased from Sigma except for
bicuculline (Abcam) and GDP-β-S 3Li (Calbiochem). VU0152100 was
synthetized in our chemistry facility.
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