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Abstract

Cholinergic regulation of dopamine (DA) signaling has significant im-
plications for numerous disorders, including schizophrenia, substance use
disorders, andmood-related disorders.The activity of midbrain DA neurons
andDA release patterns in terminal regions are tightly regulated by choliner-
gic neurons found in both the striatum and the hindbrain.These cholinergic
neurons can modulate DA circuitry by activating numerous receptors, in-
cluding muscarinic acetylcholine receptor (mAChR) subtypes. This review
specifically focuses on the complex role of M2, M4, and M5 mAChR sub-
types in regulating DA neuron activity and DA release and the potential
clinical implications of targeting these mAChR subtypes.
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CHOLINERGIC REGULATION OF DOPAMINE SIGNALING

Dopamine (DA) neuron activity and signaling play a crucial role in regulating brain circuits that
control a wide range of behavioral outputs, including (but not limited to) motivation, motor con-
trol, reward processing, and cognition (1–3). Midbrain DA neurons can be subdivided broadly
into two primary nuclei, the substantia nigra pars compacta (SNc) and the ventral tegmental area
(VTA). DA neurons of the SNc project to the dorsal striatum (DS), while DA neurons of the VTA
project to the nucleus accumbens (NAc) and cortical areas (4). Moreover, the DS and NAc can
be further subdivided into anatomical regions with different cortical and thalamic inputs. For ex-
ample, the lateral DS receives substantial inputs from the motor cortex and is heavily involved
in motor learning, habitual behaviors, and action selection (5–9). In contrast, the medial DS re-
ceives inputs from somatosensory cortices and can play a key role in shaping goal-directed actions,
compulsive behavior, and skill learning (10–12). Similarly, the NAc can be subdivided into core
and shell regions with different projection patterns and inputs, which are implicated in moti-
vated behavior, saliency, and reward processing (13–15). The ability of DA to regulate such a vast
and diverse array of behavioral outputs is due, at least in part, to the fact that subpopulations of
DA neurons are integrated into brain circuits that are involved in only a subset of these behav-
ioral outcomes. Consistent with a critical role for DA in regulating these circuits, dysregulation
of DA signaling is thought to play a crucial role in numerous disorders, including schizophrenia,
depression, substance use disorders, and Parkinson’s disease.

DA signaling is controlled by numerous neurotransmitters, including the neuromodulator
acetylcholine (ACh). DA and ACh have been conceptualized as opposing neuromodulators where
a balance is required for proper motor function (16, 17). For example, in Parkinson’s disease, the
death of DA neurons leads to a hypodopaminergic state that can be treated by boosting DA sig-
naling with levodopa or tamping down cholinergic signaling with muscarinic receptor antagonists
(18).This finding is consistent with the hypothesis that restoring the balance between ACh andDA
signaling is critical to restoring normal motor function (19). As outlined below, new pharmacolog-
ical and genetic tools have allowed detailed studies focused on understanding how the activation
of different cholinergic receptor subtypes can regulate DA release. These studies have revealed a
complex interaction between ACh and DA where different cholinergic receptors can regulate DA
release in opposing directions depending on the receptor subtype activated and the brain region
being assessed. In this review,we focus on the role ofmidbrain and striatalmuscarinic acetylcholine
receptors (mAChRs) in regulating DA neuron activity and release.We discuss how modulation of
specific mAChR subtypes can provide robust modulation of DA signaling. We conclude by sug-
gesting the therapeutic potential of targeting specific subtypes of mAChRs in the treatment of
symptoms related to psychiatric conditions, including schizophrenia, depression, and substance
use disorder (20, 21).

CHOLINERGIC SIGNALING IN THE MIDBRAIN

The midbrain, including the SNc and VTA, receives robust cholinergic inputs from the pe-
dunculopontine nucleus (PPN) and laterodorsal tegmental nucleus (LDTg) (22). The LDTg is
considered a primary cholinergic input to the VTA, with the caudal portion of PPN also inner-
vating the VTA (23, 24), whereas the PPN is the primary cholinergic input into the SNc (25).
Inactivation of the PPN and LDTg reduces phasic firing in VTA DA neurons, while activation
facilitates burst firing (26–28), indicating that the PPN and LDTg can bidirectionally regulate
DA neuron excitability.

Cholinergic innervation from the PPN and LDTg regulates neuronal activity in the midbrain
by activating numerous receptor subtypes, including receptors belonging to either the nicotinic
receptor or muscarinic receptor families (29). Nicotinic acetylcholine receptors (nAChRs) are
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ionotropic receptors and can robustly regulate DA neuron activity,DA release, and reward-related
behaviors, including nicotine reward (30; for a comprehensive overview of nicotinic receptor reg-
ulation of DA circuits, see 31–33). Here, we review how the activation of different mAChRs can
influence DA signaling and DA-related behaviors. The mAChR family comprises five subtypes
(M1–M5), all of which are G protein–coupled receptors. M1, M3, and M5 receptors canonically
signal through activation of Gq-mediated signaling pathways, including Ca2+ mobilization and
activation of phospholipase C. In contrast, M2 and M4 receptors typically signal through Gi-
mediated pathways, resulting in the inhibition of cAMP accumulation. However, these receptors
are complex and can regulate physiology and behavior through numerous noncanonical signaling
pathways as well (34–36).

Of the five muscarinic receptor subtypes, M5 receptor messenger RNA is localized to SNc
and VTA DA neurons (37–39), where it is the only mAChR subtype to have been detected. The
expression of M5 receptors on DA neurons, combined with a relatively low expression level in
other brain regions, highlights the potential for targeting M5 receptors to regulate DA neuron
activity and DA release. In addition to M5 receptors, M2 and M4 receptors are also expressed
in the midbrain on non-DA neurons. Both M2 and M4 receptors function as autoreceptors on
LDTg and PPN terminals in the VTA (40, 41) (see Figure 1). Furthermore, M4 receptors are
also expressed as heteroreceptors on the terminals of direct-pathway spiny projection neurons
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Figure 1

Muscarinic acetylcholine receptor expression in the midbrain and impact on dopamine circuit activity. M5
receptors are the only muscarinic receptor present on dopamine neurons, where they act to increase
dopamine neuron excitability. M2/M4 receptor subtypes are expressed on cholinergic inputs to the midbrain,
where they can inhibit ACh release and concurrent ACh-mediated changes in midbrain physiology. Finally,
M4 receptors are expressed on SPN terminals and can inhibit GABA release and thereby regulate dopamine
circuit activity outside of the basal ganglia. Abbreviations: ACh, acetylcholine; CRF1, corticotropin-releasing
hormone receptor 1; GABA, γ-aminobutyric acid; Glu, glutamatergic; LDTg, laterodorsal tegmental
nucleus; nAChR, nicotinic acetylcholine receptor; PPN, pedunculopontine nucleus; SNc, substantia nigra
pars compacta; SNr, substantia nigra pars reticulata; SPN, spiny projection neuron; VTA, ventral tegmental
area. Figure adapted from images created with BioRender.com.
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(SPNs) projecting into the substantia nigra pars reticulata (SNr), where they can reduce GABA
release (25). As discussed below, these receptor populations can mediate distinct effects on DA
circuit function.

REGULATION OF DA CIRCUITS BY M5 RECEPTORS
IN THE MIDBRAIN

Cholinergic stimulation of midbrain nAChRs and mAChRs has been shown to increase DA neu-
ron activity and promote burst firing, which increases DA levels in SNc and NAc (42, 43). In
contrast, blockade of nAChRs and mAChRs in the VTA decreased phasic-evoked DA release in
the NAc (44), demonstrating that modulation of cholinergic signaling can bidirectionally control
DA release. Further studies using M5 knockout (KO) mice demonstrated that the M5 receptor
was the primary receptor subtype mediating the effects seen with mAChR agonists (45, 46). The
recent development of M5-selective pharmacological tools has further expanded our ability to
study the impact of M5 receptor activation on DA signaling (47–49). Consistent with M5 KO
mice results, M5-selective positive allosteric modulators (PAMs) can potentiate, and M5-selective
antagonists can inhibit, the mAChR agonist-induced increases in midbrain DA neuron firing rates
(50, 51). Taken together, results obtained using these genetic and pharmacological tools provide
strong evidence that M5 receptors in the midbrain can robustly regulate DA neuron activity and
release in downstream terminal regions, including the striatum and NAc.

REGULATION OF DA CIRCUITS BY M2/M4 RECEPTORS
IN THE MIDBRAIN

The PPN and LDTg regulate striatal DA activity by releasing ACh and activating both mAChRs
and nAChRs expressed on midbrain DA neurons of the SNc and VTA. M2 and M4 receptor
subtypes are expressed on PPN and LDTg terminals in the SNc and VTA, which function as in-
hibitory presynaptic autoreceptors. Activation of these autoreceptors can result in reduced ACh
release, thereby inhibiting ACh-induced activation of DA neurons (40, 52–54) (Figure 1). In-
terestingly, local injection of a mAChR agonist into the LDTg can also decrease the level of
ACh in the VTA as measured by microdialysis (55), suggesting that mAChRs located on or near
the LDTg can also influence ACh release. Furthermore, M4 KO, but not M2 KO, mice demon-
strated an increased basal level of ACh in the VTA (41), suggesting that M4 receptors may play
a more prominent role in regulating the activity of the LDTg. Consistent with this, mAChR
antagonist–induced increases in midbrain ACh levels were absent in M4 KO but unchanged in
M2 KO animals (41). Collectively these studies point to a critical role for M4 receptors in regulat-
ing midbrain ACh levels and concurrent ACh-induced changes in DA neuron activity. In addition
to M4 receptor-mediated regulation of ACh release, M4 receptors are also expressed in the mid-
brain onGABAergic terminals of direct-pathway SPNs synapsing onto SNr neurons (see the SPN
in Figure 1). Striatal DA release provides key regulation of these SPNs, which then release GABA
onto SNr neurons. Accordingly, regulation of GABA release at the SPN-SNr synapse represents
a downstream node at which DA circuit activity can be modulated. Activation of M4 receptors
on these terminals can robustly reduce SPN-mediated GABA release in the SNr and locomotor
activity (25). Collectively, these studies support the idea that M4 receptors in the midbrain can
play key roles in regulating DA circuits through numerous mechanisms, including modulation of
midbrain ACh and GABA release.

CHOLINERGIC REGULATION OF STRIATAL DA SIGNALING

While ACh-mediated regulation of DA neuron excitability in the midbrain plays a crucial role
in regulating dopaminergic signaling, striatal ACh also plays a profound role in bidirectionally
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modulating DA release. Cholinergic receptor mechanisms in the striatum can regulate local DA
release independent of DA neuron activity, with significant behavioral implications (14). The pri-
mary source of ACh in the striatum is cholinergic interneurons (CINs) that are tonically active but
can also be driven to burst or pause in response to behaviorally relevant stimuli (29, 56). In addition
to CINs, the striatum also receives cholinergic inputs from the LDTg and PPN (57).While these
hindbrain cholinergic inputs play a key role in regulating SPN activity and operant responding
(58), they do not appear to robustlymodulateDA release (59), indicating that CINs are the primary
source of cholinergic regulation of local DA release in the striatum. Numerous systems tightly
regulate CIN activity, including glutamatergic signaling (57–59), GABAergic signaling (60–63),
and cholinergic signaling via mAChR autoreceptors (Figure 2). As outlined below, activation of
striatal mAChRs can provide bidirectional control of DA release via numerous mechanisms that
could be of potential utility in treating numerous psychiatric disorders.

REGULATION OF DA RELEASE BY STRIATAL
mAChR AUTORECEPTORS

One of the most robust effects of striatal ACh on DA signaling is to promote DA release via
activation of nAChRs located presynaptically at DA release sites (Figure 2). Activation of striatal

Muscarinic regulation
of dopamine signaling

in the striatum Glutamate

Presynaptic
glutamatergic

terminal

M4

M5

Spiny
projection

neuron

NMDAR AMPAR M4

CB2
Dopamine
varicosity

nAChR

Dopamine

M1Cholinergic
varicosity

Acetylcholine

M2/M4

AMPAR

CRF1

DAT

Figure 2

Muscarinic acetylcholine receptor expression in the striatum and impact on dopamine signaling. M2/M4 autoreceptors can inhibit
acetylcholine release and concurrent acetylcholine-mediated regulation of DA release. M5 receptors found on DA terminals can
directly regulate DA release, while M4 receptor subtypes expressed on spiny projection neurons can alter DA release via a
CB2-dependent mechanism. Abbreviations: AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CB2,
cannabinoid receptor 2; CRF1, corticotropin-releasing hormone receptor 1; DA, dopamine; DAT, dopamine transporter; nAChR,
nicotinic acetylcholine receptor; NMDAR,N-methyl-d-aspartate receptor. Figure adapted from images created with BioRender.com.
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nAChRs is sufficient to induce and potentiate theDA release that occurs with coincident excitation
of DA terminals (60). However, when DA terminals are activated in a phasic, burst-like manner,
nAChR activation reduces DA release, indicating that nAChRs act more as a DA filter than an en-
hancer or inhibitor of DA release (31).One of the best-studied mechanisms whereby mAChRs can
regulate DA release is via activation of autoreceptors located presynaptically on CINs.Muscarinic
agonists can inhibit evoked ACh release, an effect that is absent in M2/M4 KO mice and greatly
reduced in M4 KOmice (61), indicating that M4 may be the primary autoreceptor subtype in the
striatum. Application of mAChR agonists can induce a robust inhibition of DA release in both
the DS and NAc that is sensitive to nAChR antagonists (62–64). Unlike nAChR antagonists, the
application of mAChR antagonists has little to no effect on striatal DA release (60, 64), suggesting
that mAChRs do not tonically regulate DA release in brain slice preparations. Elegant whole-cell
experiments have observedM4 receptor–mediated spontaneous currents in SPNs that overexpress
G protein–gated inwardly rectifying potassium (GIRK) channels (65), indicating that striatal ACh
tone in brain slices is sufficient to provide at least some level of tonic mAChR activation.However,
the application of M4-selective PAMs, which require ACh to induce receptor activation, does not
affect either DA release or corticostriatal transmission in the absence of an exogenous agonist (62,
66). Interestingly, the ability of an M4-selective PAM to regulate spike timing–dependent plastic-
ity was found to be absent with moderate repetitions of pulse pairing but was unmasked using the
same stimulation paradigm when combined with either designer receptors exclusively activated by
designer drugs (DREADD)-induced activation of CINs or inhibition of ACh cholinesterase (67).
Furthermore, the application of a mAChR antagonist does not affect DA release evoked when
CINs are stimulated by a single pulse, but it significantly increases DA release when CINs are op-
tically activated in a phasic pattern (68). Collectively, these findings suggest that in striatal brain
slices, where CIN firing rates are notably lower than those observed in vivo, levels of ACh release
are sufficient to activate some mAChRs but are not sufficient to induce mAChR-mediated regu-
lation of DA release. Accordingly, nAChR-mediated enhancement of DA release may prevail at
lower ACh levels, while mAChR-mediated mechanisms may play a bigger role when ACh levels
are more elevated. The mechanistic explanation for how tonic ACh release in brain slices is suffi-
cient to activate robust nAChR- but not mAChR-mediated effects on DA release is not clear but
may have to do with receptor expression levels or proximity of specific receptor populations from
ACh release sites. Further studies are needed to further elucidate the relationship between ACh-
induced, mAChR-mediated modulation of DA release and how it relates to CIN activity both in
brain slices and in vivo.

REGULATION OF DA RELEASE BY POSTSYNAPTIC M4 RECEPTORS

In addition to being expressed as autoreceptors on CINs, M4 receptors are also expressed post-
synaptically on SPNs expressing the D1 subtype of the dopamine receptor (D1-SPNs) (69).
This population of postsynaptic M4 receptors has been demonstrated to be critical modula-
tors of DA-dependent behaviors such as psychostimulant-induced locomotion (70), as well as
the antipsychotic-like behavioral efficacy of the muscarinic agonist xanomeline (71). Activation
of mAChR receptors in the DS can induce a sustained inhibition of DA release that can be
observed even in the presence of nAChR antagonists, indicating that this regulation is not me-
diated by autoreceptors. This inhibition was found to be mediated by M4 receptors on D1-SPNs
via a cannabinoid type 2 (CB2) receptor–dependent mechanism (62). While M4 receptors are
not canonically thought of as regulators of cannabinoid signaling, it has also been observed
that M4-mediated long-term depression of glutamatergic inputs onto D1-SPNs is blocked by
a CB1 antagonist (67). While more work is needed to determine the mechanisms whereby M4
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activation can regulate endocannabinoid release and how endocannabinoid release can regu-
late DA release, these results suggest that CB2 receptors may be a novel target for regulating
DA release and antipsychotic activity (72). While the administration of M4 PAMs has been
demonstrated to reduce amphetamine-induced striatal DA release in vivo (73), the contribution
of different M4 subpopulations to regulate spontaneous DA release in different striatal regions
in vivo has yet to be determined. Future studies will be needed to further elucidate the roles
for M4 autoreceptor– and heteroreceptor-mediated regulation of DA release to better under-
stand how targeting these receptors could modulate DA signaling in numerous diseases, including
schizophrenia, l-DOPA-induced dyskinesias, and substance use disorders.

REGULATION OF DA RELEASE BY STRIATAL M5 RECEPTORS

In addition to their robust effects on regulating DA release in the midbrain, M5 receptors ex-
pressed on DA terminals can also dynamically control striatal DA release. Activation of mAChRs
in the NAc can increase DA and glutamate release independent of nAChRs, an effect that is ab-
sent in M5 KO, but not M2/M4 KO, mice (63). Interestingly, the M5-mediated increase in DA
release is dependent on both agonist concentration and duration of agonist exposure. Low agonist
concentrations induce a slow ramping increase in DA release that peaks at 15–20 min of contin-
uous agonist exposure. However, continuous exposure to high agonist concentrations induces a
similar magnitude of DA release enhancement that peaks within 5 min and then rapidly returns
to baseline (74). The agonist Oxo-M is a hydrophilic compound (XLogP = −0.18), making it un-
likely that the temporal nature of M5-mediated increases in DA release is due to drug exposure,
as Oxo-M should rapidly equilibrate throughout brain slices. While the mechanisms underlying
the time-dependent M5-mediated effects of DA release are not yet understood, it is possible that
Oxo-M can modulate DA release through different mAChR subtypes that modulate DA release
on different timescales. Consistent with this hypothesis, broad activation of mAChRs induced a
slight decrease in DA release in the NAc of M5 KO mice (63). In addition, broad activation of
mAChRs with high concentrations of Oxo-M has been observed to inhibit nAChR-independent
DA release in the DS (62), an outcome that is reversed by an M4-selective antagonist that un-
masks Oxo-M-mediated increases in DA release (75). Collectively, these findings could suggest
that Oxo-M can induce both an enhancement of non-nAChR-mediated DA release through M5
receptors and a slower onset inhibition of DA release that is M4 receptor mediated. Future stud-
ies employing subtype-selective pharmacological tools and nonconstitutive KO mice could shed
further light onto the seemingly opposing effects of M4 and M5 receptors on striatal DA release.

The mechanisms whereby M5 receptor activation modulates striatal DA release are still un-
clear. Since M5 receptors are expressed on DA terminals and canonically signal through Gq
signaling pathways, it is possible that M5 could enhance DA release by mobilizing presynaptic
Ca2+ signaling and concurrently modifying neurotransmitter release probability. In addition, M5
receptors can be rapidly recycled (76), and changes in M5 surface expression over time could
also change the temporal aspects of how M5 receptors modulate DA release. M5 receptor ac-
tivation in cultured neurons has been demonstrated to facilitate dopamine transporter (DAT)
internalization via a protein kinase C (PKC)-dependent mechanism (77), indicating that M5 may
also be able to regulate DA reuptake. Consistent with this hypothesis, presynaptic Gq-coupled
receptors have also been demonstrated to cause biphasic changes in DAT transport that are ca-
pable of inducing either DAT insertion into the membrane via a D2 subtype of the dopamine
receptor–dependent mechanism or PKC-mediated DAT internalization, causing increased striatal
DA release following Gq-coupled receptor activation (78). Studies using the nonselective ago-
nist Oxo-M have shown that M5 activation can induce an increase in DA release in striatal slices
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(63, 74). However, selective potentiation of M5 using the M5-selective PAM VU0238429 unex-
pectedly inhibited DA release in the DS, an effect that was absent in M5 KO mice (51). While
the reason for this discrepancy is still not clear, it is possible that this PAM may induce a form of
signal bias that could alter M5 receptor recycling, PKC-dependent DAT trafficking, or presynap-
tic Ca2+ signaling that shifts the net result of M5 activation on DA release. It is also possible that
the importance of these mechanisms may be different across striatal subregions. While the role
of M5 receptor–mediated changes in striatal DA release is still not completely understood, it is
possible that multiple mechanisms discussed above could lead to the kinetics of mAChR-mediated
changes that are observed in DA release, as well as some of the regional specificity. Future studies
are needed to shed light on the physiological importance of these different mechanisms, as well
as shifting to look at the mechanisms and temporal changes in DA release that are induced by
activation of striatal mAChRs by native ACh signaling.

BEHAVIORAL AND THERAPEUTIC IMPLICATIONS

The ability of mAChRs in the midbrain and striatum to regulate DA activity has significant im-
plications for drug- and mood-related behaviors in rodents and humans (20, 79).Mice lacking the
M5 receptor show decreases in the reinforcing effects of cocaine and morphine but not for food
(80, 81). Consistent with this, systemic administration of the M5 negative allosteric modulator
(NAM) ML375 decreased self-administration of cocaine, opiates, and alcohol, including the abil-
ity of drug-associated cues to reinstate responding (37, 82, 83). Furthermore, the administration
of a short-actingM5NAM (VU6008667) has also been demonstrated to decrease oxycodone self-
administration without affecting oxycodone antinociception (84).M5 receptors, particularly in the
VTA, are also implicated in regulation of mood-related behaviors in rats (20). While the effects
of M5 NAMs on drug self-administration can provide robust behavioral effects across multiple
substances, we still do not know how different M5 receptor subpopulations contribute to these
responses. Future studies using local infusions of M5-selective drugs will be needed to elucidate
the role of M5 receptors expressed on DA neurons in the midbrain and M5 receptors expressed
on DA terminals in the striatum and NAc in altering self-administration. Interestingly, infusion
of a M5 NAM into the VTA attenuates the prodepressive behavioral responses, including impair-
ments in motivated behavior induced by increased cholinergic tone in the VTA (85, 86), indicating
that modulation of M5 in the midbrain is sufficient to alter depression-related responses. The
ability of M5-selective drugs to robustly modulate drug- and mood-related behavioral responses,
combined with the restricted expression pattern of M5 receptors, makes this receptor an exciting
target for treating DA-related disorders.

M4 receptors are also implicated in drug- and mood-related behaviors in rodents, as adminis-
tration of M4 PAM decreases cocaine self-administration and shifts behavior away from cocaine
taking to a liquid food reward (87). Moreover, M4 PAM administration can attenuate cocaine-
induced hyperactivity, and reinstatement, as measured by the conditioned place preference test
(88). Interestingly, M4 receptors on CINs and M4 receptors on SPNs seem to mediate opposing
functions regarding natural rewards and the rewarding aspects of drugs of abuse (89).

In addition, activation of M4 receptors can also induce robust antipsychotic-like behavioral
effects (90) that are mediated primarily via M4 receptors expressed on SPNs (71), an effect that
is likely in part mediated by M4-mediated regulation of DA release (62, 73). Numerous ongo-
ing clinical trials are currently testing mAChR-based therapies as a novel strategy for treating
schizophrenia. These clinical efforts are primarily built off a seminal study demonstrating that
the mAChR agonist xanomeline can improve outcome measures related to the positive, negative,
and cognitive symptoms in schizophrenics (91). However, a clinical limitation of mAChR agonists
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is their peripheral side effects, including gastrointestinal discomfort, bradycardia, and increased
sweating and secretions (92). To counteract the peripheral effects of mAChR agonists, therapeu-
tic drugs have been developed that incorporate a peripherally restricted muscarinic antagonist
(93). This strategy has been shown to have a reduced side effect profile associated with periph-
eral stimulation of mAChRs (94). In addition, M4-selective PAMs are being tested in the clinic as
a strategy to maintain antipsychotic efficacy with reduced side effect liability (95). Ongoing and
future clinical studies will yield important insights into the ability of mAChR-based therapies to
treat schizophrenia and could open the door to exploring these targets as potential therapeutics
for a range of DA-related disorders, including substance use, depression, and schizophrenia.
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