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Objective: Acetylcholine modulates the activity of the direct and indirect
pathways within the striatum through interaction with muscarinic M4 and M1
receptors. M4 receptors are uniquely positioned to regulate plasticity within
the direct pathway and play a substantial role in reward and addiction-related
behaviors. However, the role of M4 receptors on cholinergic neurons has been
less explored. This study aims to fill this gap by addressing the role of M4
receptors on cholinergic neurons in these behaviors.

Methods: To investigate the significance of M4-dependent inhibitory signaling
in cholinergic neurons we created mutant mice that lack M4 receptors on
cholinergic neurons. Cholinergic neuron-specific depletionwas confirmed using
in situ hybridization. We aimed to untangle the possible contribution of M4
autoreceptors to the e�ects of the global M4 knockout by examining aspects
of basal locomotion and dose-dependent reactivity to the psychostimulant and
rewarding properties of cocaine, haloperidol-induced catalepsy, and examined
both the anti-cataleptic and locomotion-inducing e�ects of the non-selective
anticholinergic drug scopolamine.

Results: Basal phenotype assessment revealed no developmental deficits in
knockout mice. Cocaine stimulated locomotion in both genotypes, with no
di�erences observed at lower doses. However, at the highest cocaine dose
tested, male knockout mice displayed significantly less activity compared to wild
type littermates (p = 0.0084). Behavioral sensitization to cocaine was similar
between knockout and wild type mice. Conditioned place preference tests
indicated no di�erences in the rewarding e�ects of cocaine between genotypes.
In food-reinforced operant tasks knockout and wild type mice successfully
acquired the tasks with comparable performance results. M4 receptor depletion
did not a�ect haloperidol-induced catalepsy and scopolamine reversal of
catalepsy but attenuated scopolamine-induced locomotion in females (p =

0.04). Our results show that M4 receptor depletion attenuated the locomotor
response to high doses of cocaine in males and scopolamine in females,
suggesting sex-specific regulation of cholinergic activity.

Conclusion: Depletion of M4 receptors on cholinergic neurons does not
significantly impact basal behavior or cocaine-induced hyperactivity but may
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modulate the response to high doses of cocaine in male mice and the response
to scopolamine in female mice. Overall, our findings suggest that M4-dependent
autoregulation plays a minor but delicate role in modulating specific behavioral
responses to pharmacological challenges, possibly in a sex-dependent manner.

KEYWORDS

acetylcholine, cholinergic receptor muscarinic 4, cocaine, ChAT(BAC)-Cre,

autoreceptor

1 Introduction

Acetylcholine regulates numerous critical functions within the
basal ganglia by activating nicotinic and muscarinic acetylcholine
receptors (mAChRs). Growing evidence supports M4 as a crucial
subtype of mAChR involved in modulating the dynamics of
cholinergic and dopaminergic neurotransmission in striatum
(Moran et al., 2019). This modulation is implicated in reward,
learning, locomotion, and addiction-related behavior (Myslivecek,
2021).

The M4 receptor belongs to the metabotropic acetylcholine
receptor family that is coupled via Gi/o and inhibits cAMP/PKA
signaling (Caulfield, 1993). It is abundantly expressed in the
striatum, being present in various cell types such as corticostriatal
projection neurons, where it inhibits glutamate release (Pancani
et al., 2014); cholinergic interneurons (ChIs), where it acts as
an autoreceptor (Bernard et al., 1999; Yan and Surmeier, 1996);
and finally, on direct pathway medium spiny projection neurons
(dSPNs), where it opposes dopamine D1 receptor (D1R)-signaling
(Foster et al., 2016; Nair et al., 2019).

Acetylcholine (ACh) and dopamine regulate the output of
the striatum and facilitate circuit plasticity, both of which are
fundamental for motor control and locomotion (Kreitzer and
Malenka, 2008). Dopamine exerts its effects by stimulation
of D1 receptors expressed on the dSPNs of the striatonigral
pathway that leads to the disinhibition of thalamocortical circuits,
promoting action execution and facilitating locomotion. In
contrast, stimulation of D2 receptors (D2Rs) on spiny projection
neurons from the indirect pathway suppresses motor activity
and locomotion (Cui et al., 2013; Kravitz et al., 2010, 2012).
Additionally, dopamine inhibits the activity of ChIs by acting on
D2Rs (Chuhma et al., 2014; Wieland et al., 2014). On the other
hand, ACh modulates the activity of both the direct and indirect
pathways within the striatum predominantly through interaction
with M4 and M1 receptors. It is suggested that M4 receptors are
uniquely positioned to regulate plasticity within the direct pathway
by acting on dSPNs, leading to a reduction in locomotion and
opposing the initiation of movement (Foster et al., 2016; Gomeza
et al., 1999; Nair et al., 2019).

Furthermore, M4 receptors play a substantial role in reward
and addiction-related behaviors. Genetically engineered mice
lacking functional M4 receptors (i.e., global M4 knockout mice)
show increased cocaine and alcohol self-administration (De La
Cour et al., 2015; Schmidt et al., 2011). Mice with cell type-
specific knockout of M4Rs in D1R-dSPN, as well as global
M4 knockout mice, exhibit heightened locomotor responses to
psychostimulants and elevated dopamine release in the striatum

following psychostimulant administration (Fink-Jensen et al., 2011;
Jeon et al., 2010). Moreover, M4 Positive allosteric modulators
(PAMs) attenuate hyperlocomotion induced by psychostimulants
and reduce dopamine release in the striatum (Brady et al., 2008;
Byun et al., 2014; Dall et al., 2017; Dencker et al., 2012).

While much attention has been paid to the role of M4R on
D1R-expressing dSPN, the role of M4 receptors on cholinergic
interneurons has been less explored. Comprising only 1-2% of
the striatum cell population, cholinergic interneurons are the
primary source of acetylcholine, providing widespread release
of acetylcholine through dense and extensive axonal branching
(Kawaguchi et al., 1995). Cholinergic interneurons are autonomous
pacemakers (Bennett et al., 2000) and various neurotransmitters,
neuromodulators, and synaptic inputs tightly regulate their
activity (Poppi et al., 2021). Furthermore, ChIs hold promise
as potential therapeutic targets for different neurological and
psychiatric disorders such as Parkinson’s disease, schizophrenia,
and substance use disorder (Paul et al., 2022; Tanimura et al., 2018;
Walker and Lawrence, 2020). Understanding the modulation of
cholinergic cells in these disease states is critical for identifying
pharmacological targets and developing effective treatments.

From ex vivo experiments, it is known that M4 autoreceptor
activation reduces the opening voltage-gated calcium channels,
which decreases the opening of small-conductance calcium-
activated potassium channel after a neuronal spike, disrupting
regular pacemaking activity (Ding et al., 2006; Yan and
Surmeier, 1996). Additionally, M4 receptors activate a potassium
conductance, possibly mediated by G protein-coupled inwardly
rectifying potassium channels, which further slows down
pacemaking (Calabresi et al., 1998). This modulation of neuronal
activity ultimately reduces spiking at axon terminals, resulting
in decreased acetylcholine release. Overall, it is believed that M4

receptor signaling functions as part of a negative feedback system
to maintain optimal extracellular ACh levels (Calabresi et al., 1998;
Ding et al., 2006). However, the functional significance of M4R
modulation of ChIs has not been fully elucidated in vivo.

The overlapping expression pattern of M4 receptors in
various neurons has made it difficult to determine its exact
functions in vivo. Utilizing knockout animal models has proven
helpful in addressing such challenges. We and others have
previously demonstrated that mice with a global deletion of M4

exhibit hyperlocomotion, increased baseline dopamine levels, and
heightened sensitivity to dopaminergic stimulants compared to
wild types (Gomeza et al., 1999; Schmidt et al., 2011). Notably,
depletion of the M4 receptor, specifically in D1-expressing medium
spiny neurons, partially replicates this phenotype, suggesting its
crucial role in modulating dopamine signaling in the striatum
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(Jeon et al., 2010). Here, to investigate the significance of
M4-dependent inhibitory signaling in cholinergic neurons we
created mutant mice that lack M4Rs specifically on cholinergic
neurons. Firstly, to untangle the possible contribution of M4

autoreceptors to the effects of the global M4 knockout phenotype,
we examined aspects of basal locomotion and dose-dependent
reactivity to the psychostimulant and rewarding properties of
cocaine. Secondly, we investigated how M4 receptors influence
catalepsy induced by haloperidol and examined both the anti-
cataleptic and locomotion-inducing effects of the non-selective
anticholinergic drug scopolamine, given previous evidence that
catalepsy is significantly reduced in global M4 knockout mice
(Fink-Jensen et al., 2011). We also tested male and female mice to
address potential sex-specific effects of M4 autoreceptor deletion,
as behaviors mediated by the striatal dopamine system exhibit
clear sex differences (Becker, 1999). Finally, a study by Klawonn
et al. (2018) reported impairments in both classical and operant
conditioning in male mice lacking M4 receptors on cholinergic
neurons, created by utilizing the ChAT(IRES)-Cre line. In contrast,
our current study employed the ChAT(BAC)-Cre driver line to
delete M4Rs specifically from cholinergic neurons. Therefore we
decided to attempt to replicate those previous findings by testing
our ChAT(BAC)-Cre M4R male knockout mice in classically
conditioned place preference and operant responding for food.
We hypothesized that M4 autoreceptor deletion would partially
recapitulate the effects of global M4 receptor knockout and that the
effects on classical and operant behavior would be independent of
the driver line used to create the knock-out.

This study provides insights into the role of muscarinic
M4 receptors on cholinergic interneurons, highlighting
how these receptors influence behaviors linked to reward,
addiction, and movement in a sex-specific manner. By
understanding M4 receptor function on cholinergic neurons,
particularly in relation to dopamine signaling and behavioral
regulation, these findings could inform therapeutic strategies for
neuropsychiatric conditions such as schizophrenia, substance
use disorders, Parkinson’s disease, and other conditions with
sex-dependent characteristics.

2 Materials and methods

2.1 Animals

Male and female mice (8–16 weeks) inbred on C57BL/6J
were used for all experiments. The mice were maintained on
a reversed 12-h light/dark cycle (light on at 7 p.m.) with ad

libitum access to food and water. The mice were group housed
in individually ventilated cages enriched with cardboard housing,
tunnels, wooden chewing blocks, and nesting material. The mice
were always habituated to the testing room for a minimum of
45min before every experiment. All procedures were ethically
approved by the Animal Experiments Inspectorate under the
Danish Ministry of Food, Agriculture, and Fisheries, according to
the EU directive 2010/63/EU.

MuscarinicM4-ChAT-Cre+ knockout animals were generously
provided by Professor Jürgen Wess (Laboratory of Bioorganic
Chemistry, National Institute of Diabetes and Digestive and

Kidney Diseases, National Institutes of Health, USA) and bred in
our facility. To achieve the conditional knockout of M4 mAChRs
on cholinergic neurons, the previously described M4 mAChR flox
strain was used (Jeon et al., 2010). Crossbreeding with ChAT(BAC)-
Cre mice (GM60Gsat/Mmucd, RRID: MMRRC_030869) obtained
from the GENSAT project (Gong et al., 2007) resulted in the
generation of M4-ChAT-Cre+ mice (later referred to as KO
mice), wherein M4 mAChR was selectively lacking in cholinergic
neurons. Control littermates, M4-ChAT-Cre− (referred to
as WT), were homozygous for the M4 flox allele but lacked
the Cre transgene. Genotyping was performed through PCR
analysis of mouse ear DNA using specific primers for ChAT-Cre
(forward primer 5′-GGTCTCCTTGTGGAGTGGGAGT-3′,
reverse 5′-CGGCAAACGGACAGAAGCATT-3′) and M4 flox
(forward primer 5′- TGCAGATGTAGCTCAGCTCAGCGGTAC-
3′, reverse5′-TGAAGGTTGTAGACAAAGCTATACACATGGC-
3′).

2.2 Validation of cholinergic
neuron-specific M4 mAChR depletion

2.2.1 In situ hybridization
Brains were dissected, quickly frozen on dry ice, and stored

at −80◦C until being sectioned on a cryostat (CM3050 S,
Leica Microsystems, Wetzlar, Germany) at 10µm. The
RNAscope fluorescent in situ hybridization process was
conducted as specified in the manufacturer’s protocol (Advanced
Cell Diagnostics, California, USA). Briefly, the slides were
fixed for 15min in an ice-cold 4% PFA buffered solution.
Subsequently, slides were dehydrated through a series of
ethanol solutions of increasing concentrations and were
left to air dry. The slides were then treated with Protease-
IV for 30min at RT, followed by a 2-h incubation at 40◦C
with Mm-Chrm4-C2 (catalog #410581, Advanced Cell
Diagnostics) and Mm-Chat-C1 (catalog #408731, Advanced
Cell Diagnostics) probes. After probe incubation, four
amplification steps were conducted with intervening washing
steps. Finally, the slides were counterstained with DAPI and
coverslipped with an aqueous mounting medium (catalog
#ab104135; Abcam, Massachusetts, USA). Slides were imaged
using the Zeiss Axioscan 7 (Carl Zeiss AG, Oberkochen,
Germany), an automated slide-scanning system. The dorsal
and ventral striatum from three sections for each mouse
were captured, and the labeled cells were quantified using
QuPath (Bankhead et al., 2017). Cells were considered positive
by the observer if there were more than 5 particles around
the nucleus.

2.3 Power analysis

Based on the data published by Klawonn et al. (2018) power
analysis was conducted to determine the required sample size to
detect a significant difference in activity levels between knockout
and wild type animals aiming at a power of 0.80. The analysis was
based on two-sample t-test for independent groups. This suggested
a sample size of n= 8 per group.
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2.4 SHIRPA behavioral test

The SHIRPA primary screen procedure was employed to
evaluate the behavioral and physical characteristics of drug
and experimentally naive mice and their wild type littermates,
encompassing an assessment of basic reflexes and sensorimotor
functions (Lalonde et al., 2021). The assessment of each animal
started with a 5-min observation of undisturbed behavior in a
cylindrical viewing jar. Mice were then transferred to a plexiglass
cage for motor behavior examination. Subsequently, visual acuity,
grip strength, body tone, and reflexes were recorded. Autonomic
responses, including changes in skin color and heart rate, were
documented, and body length was measured. Limb tone, salivation,
and provoked biting responses were also monitored. The primary
screen was finalized with measurements of the righting reflex,
contact-righting reflex, negative geotaxis, and a wire maneuver
to assess the animals’ hind leg gripping ability when hung by
the forelimbs. Any unusual behavior, fear, agitation, hostility, or
human-audible vocalization episodes were documented during
the testing procedure. The testing area was cleaned and dried
after each mouse. One day later, locomotor activity was recorded
using Ethovision R©XT (version 16-17; Noldus, Wageningen,
Netherlands) for 1 h in open field boxes.

2.5 Drugs

Cocaine hydrochloride was obtained from the Copenhagen
University Hospital Pharmacy (Copenhagen, Denmark) and
dissolved in 0.9% saline. Scopolamine hydrobromide was
purchased from Sigma-Aldrich and Haloperidol (Serenase, 5
mg/ml, Janssen-Cilag, Denmark) from Janssen-Cilag. All drugs
were dissolved in saline and administered intraperitoneally in a
total volume of 10 µl/g body weight.

2.6 Locomotor activity

Locomotor activity was evaluated in an open field (40 × 40
× 80 cm) situated in a dimly lit room (16 lux) with an overhead
camera. The Ethovision R©XT tracking system (Noldus) was used
to analyze the distance moved. Cocaine doses of 5, 10, 15, and
40 mg/kg were administered in the experiment. Wildtype and
knockout males and females underwent a 30-min habituation
period in the open field before intraperitoneal cocaine injection,
with locomotor activity monitored for the subsequent 60min.
Additionally, the male cohort of mice injected with 40 mg/kg was
manually scored for cocaine-induced stereotypy. For the detailed
protocol see Supplementary material 1.2.

Scopolamine is a competitive, non subtype-selective antagonist
of mAChRs which causes dose-dependent alterations in locomotor
behavior (Itzhak and Martin, 2000; Thomsen, 2014). To evaluate
the impact of scopolamine on locomotion, both male and female
subjects were initially acclimated to the activity chambers (MED-
OFA-510, Med Associates, Vermont, USA) for a period of 60min.
Following this habituation phase, the mice received an injection of
1mg/kg scopolamine, and their locomotor activity was recorded for

an additional 60min. Two weeks later, the same cohort underwent
a similar procedure except that the dose of scopolamine was
increased to 3 mg/kg.

2.7 Cocaine sensitization

To induce behavioral sensitization, we utilized a combination of
repeated cocaine injections and daily 60-min exposures of the naïve
male mice to activity chambers (MED-OFA-510, Med Associates)
as an environment distinct from the home cage. The experiment
commenced with a baseline day (day 0), where all mice received
saline injections. Subsequently, knockout and wild type mice were
stratified into two groups to ensure an equal distribution of both
high and low locomotor activity phenotypes across the saline and
cocaine treatment groups. Over the course of six consecutive days
(days 1 to 6), these groups were subjected to daily injections paired
with exposure to the activity chambers, with one group receiving
cocaine at a dosage of 15 mg/kg and the other receiving saline.
Following a 2-week test-free period, all mice were administered
cocaine, and locomotor activity was evaluated in the activity
chambers on day 20. On the subsequent day (day 21), all mice were
injected with saline and again exposed to the chambers to assess the
extent to which the observed hyperlocomotion was attributable to
contextual conditioning as opposed to the direct effects of cocaine.

2.8 Conditioned place preference (CPP)

The rewarding effects of cocaine were evaluated with the
conditioned place preference paradigm. In this widely used
test, animals are classically conditioned to associate a particular
environment or context with the drug’s effects. The Open field
activity boxes (MED-OFA-510, Med Associates) with a beam-
break movement detection system were transformed into a two-
compartment arena for the CPP experiment. A red plastic partition
with an opening was used to separate the two compartments.
One compartment had a metal grid floor, and the other one
had a dark gray Lego R© plate floor. There was no systematic
preference for either of the floors. Each arena was individually
placed in a sound-attenuating cubicle equipped with a light (40
lux). Only males were used in the experiment. During the 15-
min pretest, animals were allowed to move freely between the
two compartments, and the time spent in each compartment
was measured. Based on the data from the pretest, cocaine
injection was paired with the least preferred compartment for
an individual animal. During conditioning, the opening between
the two compartments was closed, and mice were injected with
saline in one of the compartments. Approximately 4 h later, animals
were injected with 15 mg/kg cocaine in the opposite compartment.
Acquisition lasted five consecutive days, 24 h after acquisition
animals underwent a 15-min post-test assessment with an opened
partition. During the extinction phase, which lasted six consecutive
days, the animals underwent 1 h sessions where they received saline
injections in both compartments twice daily. Twenty-four hours
after the last extinction session, mice went through an extinction
test. For reinstatement, animals were injected with 5 mg/kg cocaine
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immediately before the test. The individual conditioning preference
score was determined by subtracting the time spent in the cocaine-
paired compartment during the pretest from the time spent in the
same compartment during the posttest. Similarly, the reinstatement
score was calculated by subtracting the time spent in the cocaine-
associated compartment during the last day of extinction test from
the time spent in the same compartment during the reinstatement
test (Klawonn et al., 2018).

2.9 Food self-administration

A cohort of male mice underwent food self-administration
training following a protocol detailed in a previously published
work (Thomsen et al., 2009). Modular operant-conditioning
chambers (ENV-307A, Med Associates) were employed, equipped
with a house light, two nose-poke holes each containing a yellow
cue light, and a steel dish into which liquid food reinforcers were
delivered from a syringe pump. Throughout the experiment, mice
were maintained under mild food restriction conditions. Before the
study began, mice were introduced to the reinforcer in the home
cage, the reinforcer being vanilla-flavored Nutridrink (Nutricia,
Utrecht, Netherlands). Subsequently, mice underwent daily 2-h
sessions under a fixed ratio 1 schedule of reinforcement (FR 1) with
a timeout of 20 s, with one active and one inactive nose-poke hole.
Training persisted for a minimum of 5 days, during which mice
had to meet the criteria: earning a minimum of 20 reinforcers in
two consecutive sessions, displaying no more than 20% variation
in responses, and exhibiting a minimum of 70% responses in the
active hole in both sessions. Following FR 1 training, extinction
sessions with water were conducted for a minimum of two sessions,
continuing until the response rate dropped to <80% of its initial
level. Various liquid food dilutions (water, 3, 10, 32, 100%) were
then introduced based on a Latin square design. Mice meeting
criteria under the FR 1 schedule proceeded to progressive ratio
(PR) sessions, in which response requirement (ratio) incremented
by 0.115 log units after each reinforcer delivery. PR sessions
terminated when a 60-min limited hold period elapsed with no
reinforcers being earned, or after 6 h, whichever occurred first.
The breaking point was defined as the value associated with the
final completed ratio (the number of earned reinforcers). After
achieving a consistent response (two consecutive sessions with
breaking points exceeding 5 and displaying <20% variation), water
was substituted until the response rate diminished to <50% of the
baseline. Similar to the FR schedule, concentration-effect curves
were determined, with each dose tested for at least two consecutive
sessions. We limited the operant learning task to male mice to
reduce variability and establish a baseline for M4 receptor function
on cholinergic neurons in an operant context, acknowledging
that females’ increased sensitivity to scopolamine could introduce
additional complexity in interpreting results.

2.10 Haloperidol-induced catalepsy

The administration of traditional antipsychotic medications
like haloperidol is often accompanied by significant motor side

effects, which are partially explained by changes in dopaminergic
and cholinergic neurotransmission in the striatum. The bar
test, a commonly utilized animal model, assesses these motor
side effects (Sanberg et al., 1988). Scopolamine, a non-specific
muscarinic antagonist was shown to reverse these effects (Jeon
et al., 2010). For the experiment, knockout and wild type mice
previously exposed to cocaine were reused after a two-week test-
free period. Mice were administered haloperidol intraperitoneally
(0.3 and 1.0 mg/kg). They were kept in their home cage
until catalepsy testing at 30, 60, and 90min. Testing involved
placing the mice with front paws on a steel bar (15 cm long,
0.5mm diameter, 5.5 cm high) and timing their stay in this
position with a 120-s cut-off. Mice failing to maintain position
were retested twice, recording zero seconds if unsuccessful. To
investigate the reversal of cataleptic effects, all mice were given
scopolamine (0.5 or 1 mg/kg) immediately after the final test at
90min, and 30min later, the mice were assessed for any residual
cataleptic reactions.

2.11 Statistical analysis

Data are presented as mean ± SEM if not stated otherwise.
Results were considered statistically significant if p < 0.05. In
all experiments, the age distribution was balanced across groups.
GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA,
USA) was used to perform statistical analyses. ANOVA with
Geisser-Greenhouse correction as appropriate followed by Šídák’s
multiple comparison post hoc test or t-test was used as appropriate.
The log-rank test was used to analyze the number of sessions
required for KO and WT mice to reach criteria in an operant
learning task.

3 Results

3.1 Validation of cholinergic neuron
specific muscarinic M4 mAChRs depletion
in knockout mice

To confirm the cholinergic neuron-specific depletion of the M4

receptor in the knockout mice, we conducted in situ hybridization
to examine the expression of striatal Chrm4 mRNA. In wild
type mice, Chrm4 mRNA was present in all ChAT-expressing
cells. In contrast, the knockout mice displayed minimal co-
expression of Chrm4 and Chat mRNA, with only about 2%
of cells being double-positive (see Figure 1 and Table 1). This
limited co-expression might be attributed to the proximity of D1-
MSN and cholinergic interneurons in the striatum. As another
way of validating cell-type specific knockout, a separate group
of mice was unilaterally injected with a Cre-dependent adeno-
associated virus in the dorsal striatum. Analysis of the eYFP
signal supports that Cre-recombinase expression was exclusive
to the knockout mice with no detectable signal in wild type
animals (Supplementary Figure 1). Thus, together, fluorescent in
situ hybridization and Cre-recombinase expression pattern confirm
the effectivity and specificity of the knockout.
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FIGURE 1

Representative images of fluorescent in situ hybridization in WT and KO mice, demonstrating e�ective M4 receptor knockout in cholinergic neurons.
In wild type mice, Chrm4 mRNA is present in all ChAT-expressing cells, whereas knockout mice display minimal co-expression of Chrm4 and Chat
mRNA, confirming successful depletion of M4 mAChR on cholinergic neurons. n = 2 per group.

TABLE 1 Validation of M4 mAChR knockout.

WT KO

Chat+ Chrm4+ 122 (100%) 3 (2%)

Chat+ Chrm4− 0 (0%) 144 (98%)

Number of cells with the percentage in brackets. Chrm4 (orange) and Chat (green) with DAPI

(blue) for nuclei. Fluorescent in situ hybridization confirmed the efficacy of the conditional

knockout of M4 mAChR in cholinergic cells.

3.2 Basal phenotype

Initially, naïve males and females from both genotypes were
subjected to SHIRPA primary screening (Lalonde et al., 2021).
The procedure showed that KO mice have normal weight, size,
reflexes, and other physiological parameters compared to WT
littermates, as detailed in Supplementary Table 1. Additionally, as
part of the health evaluation, basal locomotor activity in an open
field wasmeasured for 1 h, and no differences were found (p= 0.58)
(Supplementary Figure 2).

3.3 Cocaine-induced hyperlocomotion

To determine the effect of cholinergic neuronal M4 mAChRs
on cocaine-induced hyperactivity, we measured locomotor activity
in an open field following the administration of increasing doses of
cocaine. Male and female knockouts and their wild type littermates
reacted similarly to cocaine doses from 5 to 15 mg/kg (Figure 2).

Interestingly, at the highest cocaine dose tested (40 mg/kg),
we found that the M4 receptor mutant male mice exhibited
significantly less activity than their wild type littermates (p
= 0.0084), however, we did not observe a similar decrease
in females (Figure 3, for details of the statistical results see
Supplementary Table 2a). The same cohort of male mice was

scored for cocaine-induced stereotypy and the unpaired t-test
showed no significant difference between genotypes (p = 0.37)
(Supplementary Figure 3).

3.4 Scopolamine-induced locomotor
activity

No significant difference in scopolamine-induced locomotion
was found between WT and KO males, either after 1 mg/kg or
after 3 mg/kg (Figures 4A, B). Most notably, female knockout mice
showed significantly attenuated locomotion after 3 mg/kg (p =

0.04; Figure 4D) with a similar but not significant decrease at 1
mg/kg (p = 0.07; Figure 4C, for details of the statistical results see
Supplementary Table 2).

3.5 Cocaine sensitization

In rodent models, repeated exposure to psychostimulants
results in increased locomotor activity, known as behavioral
sensitization, an effect that mirrors the prolonged drug sensitivity
seen in human addiction and lasts several weeks or months
post-administration (Robinson and Berridge, 1993). To study the
role of M4 mAChRs on cholinergic neurons in the behavioral
sensitization to cocaine, we administered daily doses of either saline
or cocaine (15 mg/kg) to male wild type and knockout mice for
6 days. Similar to acute exposure, the repeated cocaine regimen
significantly elevated locomotion in both groups compared to
saline injections in both, WT and KO (Figure 5A). There was a
significant effect of treatment (p = 0.0008) and day of treatment
(p < 0.0001), indicating successful sensitization, but no significant
effect of genotype and no significant interaction. On a challenge day
(day 20), after an incubation period of 2 weeks, we administered
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FIGURE 2

The absence of M4 mAChR in ChIs does not change male (A) or female (B) mice’ locomotor response to cocaine at low to moderate doses. Both
genotypes exhibit similar total distance moved (cm) in response to 5, 10, and 15 mg/kg cocaine doses, indicating comparable stimulant sensitivity in
this range. Abscissa: Dose of cocaine, mg/kg. Ordinate: total distance (cm) measured in an open field for 1 h. n = 7–11 per group.

FIGURE 3

Knockout of M4 mAChR in ChIs attenuates response to a high cocaine dose (40 mg/kg) in male but not female mice. (A) Male KO mice display
significantly reduced locomotor activity compared to WT males, suggesting a genotype-specific response at high doses of cocaine. n = 15–18 per
group. (B) Female KO and WT mice show no di�erence in locomotor response. n = 8–10 per group. Distance in cm was analyzed for the 90min after
cocaine treatment. Abscissa: Distance (cm) moved. Ordinate: 10-min time bins.

a single dose of cocaine to all groups of mice, irrespective of
whether they initially received saline or cocaine injections. This
resulted in a significantly more pronounced locomotor response
in the animals that had previously been injected with cocaine
compared to the animals that had been injected with saline,
regardless of genotype. Significant One-way ANOVA followed
by Šídák’s multiple comparisons test (WT sal vs. WT coc, p =

0.0096; KO sal vs. KO coc p = 0.0065) (Figure 5B, for details of
the statistical results see Supplementary Table 2b). This indicates
that knockout mice developed cocaine sensitization comparable to
wild types.

3.6 Conditioned place preference

A one-sample t-test revealed that both genotypes conditioning
scores differed significantly from zero (WT: p = 0.0046; KO:
p < 0.0001). The conditioning (unpaired t-test: p = 0.74) and
reinstatement scores (p = 0.91) showed that cocaine produced
a conditioned place preference in knockout male mice that
was not different from their wild type littermates (Figures 6A,

B). See Supplementary Figure 6 for time spent in the cocaine-
paired compartment.

3.7 Food-reinforced operant behavior

In addition to classical conditioning, we assessed the
contribution of M4 mAChRs on cholinergic neurons to operant
tasks. We used the food self-administration paradigm under
fixed and progressive ratio schedules. Again, wild type and
knockout male mice successfully acquired the operant learning
tasks, achieving comparable numbers of reinforcers per session,
while nose pokes in the inactive hole diminished to minimal
levels (Figures 7A, B for details of the statistical results see
Supplementary Table 2c). The number of sessions needed to
reach acquisition criteria in FR 1 and PR schedules did not
differ between genotypes (p = 0.35 and p = 0.52, respectively;
log-rank test). Moreover, no differences were found in the
number of sessions required to extinguish in PR and FR
schedules (p = 0.68 and p = 0.47, respectively; log-rank test) (see
Table 2).
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FIGURE 4

Female but not male mice lacking M4 mAChR in ChIs show an attenuated locomotor response to scopolamine. (A, B) Male KO and WT mice show no
di�erences in scopolamine-induced activity at either 1 or 3 mg/kg, n = 11–13 per group. (C) Female KO mice show no significant di�erence from
WT at 1 mg/kg, but (D) exhibit a significant reduction in locomotor response at 3 mg/kg. Results highlight a sex-specific e�ect of M4 mAChR deletion
in cholinergic modulation by scopolamine. n = 9–14 per group. Distance in cm was analyzed for the 60min after scopolamine treatment. Abscissa:
Distance (cm) moved. Ordinate: 10-min time bins.

3.8 Haloperidol-induced catalepsy

Our study focused on the cataleptic effects induced by
haloperidol in both control and knockout mice. We administered
two doses of haloperidol (0.3 and 1 mg/kg, intraperitoneally) to
the mice and assessed their cataleptic behavior at intervals of
30, 60, and 90min (Supplementary Figure 4). Overall, ANOVA
showed that both genotypes and sexes were similarly affected by
haloperidol. No effect of genotype or genotype and time interaction
was discovered for either dose or sex. Additionally, the t-test for
scopolamine’s ability to reverse catalepsy showed no significant
differences between the genotypes.

4 Discussion

To explore the physiological significance of a specific subset
of neuronal M4 mAChRs, mutant mice lacking M4 exclusively
in cholinergic neurons were used. Subsequently, we subjected
these knockout animals to a series of behavioral tests, with
a primary focus on the motor, sensitizing, and rewarding
effects of cocaine. Cholinergic neuron-specific depletion of the
M4 receptor in knockout mice was confirmed using in situ

hybridization. Results showed minimal Chrm4 and Chat mRNA
co-expression in knockout mice, indicating effective depletion.
First, basal phenotype assessment revealed no developmental

deficits in knockout mice. Following administration of cocaine,
both genotypes exhibited hyperlocomotion, with no differences
observed at lower doses. However, at the highest cocaine dose
tested, male knockout mice displayed significantly less activity
compared to wild type littermates. Behavioral sensitization to
cocaine was similar between knockout and wild type mice,
with both groups showing increased locomotion upon repeated
cocaine exposure. Additionally, conditioned place preference
tests indicated no differences in the rewarding effects of cocaine
between genotypes. In operant tasks assessing food-reinforced
behavior knockout and wild type mice successfully acquired
the tasks with comparable performance results. Furthermore,
M4 receptor depletion did not affect haloperidol-induced
catalepsy and scopolamine reversal of catalepsy but attenuated
scopolamine-induced locomotion in a sex-dependent manner.
Overall, these findings suggest that depletion of M4 receptor on
cholinergic neurons does not significantly impact basal behavior
or cocaine-induced hyperactivity but may modulate the response
to high doses of cocaine in male mice and the response to
scopolamine in female mice.

4.1 Genetic background considerations

On a general level, our findings contradict a previous
characterization of an M4−ChAT-Cre knockout line (Klawonn
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FIGURE 5

The development and expression of cocaine sensitization do not
di�er between KO mice and their wild type littermates. (A) Both
genotypes show increased activity over days with repeated 15
mg/kg cocaine, indicating comparable sensitization development.
Abscissa: Days of treatment. Ordinate: total distance (cm) measured
in an open field for 1 h. (B) After a 2-week incubation, both groups
display sensitized responses to a challenge dose, confirming no
genotype e�ect on expression of cocaine sensitization. n = 9–10
per group. **Indicates p < 0.005. Abscissa: total distance (cm)
measured in an activity chamber for 1 h. Ordinate: Groups.

et al., 2018). Despite normal acute response to cocaine and
unchanged behavioral sensitization, the authors reported that
M4-ChATCre mice showed significantly reduced CPP scores,
indicating a failure to develop cocaine-induced place preference.
A somewhat similar—albeit not significant—trend was observed
with respect to palatable food CPP. Moreover, the authors showed
that knockout mice lacked operant learning, demonstrated in
a cocaine and palatable food operant runaway paradigm. They
also observed unchanged basal locomotion, acute cocaine-induced
hyperlocomotion, and cocaine sensitization, which is consistent
with our findings. However, we were not able to replicate the
reported deficits in cocaine CPP and attenuated food operant task
performance in our knockout mice. One potential explanation
for this inconsistency lies in the utilization of different driver
lines to generate the two lines of specific knockouts. Two driver
lines are available to drive Cre recombinase expression specifically
in cholinergic neurons—ChAT(BAC)-Cre and ChAT(IRES)-Cre
transgenic mouse lines. The ChAT(BAC)-Cre line utilizes bacterial
artificial chromosome (BAC) technology (Ting and Feng, 2014),
while the ChAT(IRES)-Cre line utilizes an internal ribosome entry
site (IRES) to drive Cre recombinase expression under the control
of the choline acetyltransferase (ChAT) promoter (Rossi et al.,
2011). While we employed the ChAT (BAC)-Cre line, the previous

study utilized the ChAT(IRES)-Cre line (Klawonn et al., 2018).
Surprisingly, a comparative analysis of these two driver lines has
suggested distinct phenotypes associated with the ChAT(IRES)-
Cre-line, potentially influencing the observed behavioral responses
(Chen et al., 2018). In particular, ChAT(IRES)-Cre transgenic
(Tg/Tg) mice showed reduced generalized locomotor activity,
attenuated operant food training, and resistance to nicotine-
induced hypolocomotion together with decreased ChAT protein
synthesis in the hippocampus. Another study revealed an alteration
of ChAT, choline transporter (CHT), and vesicular acetylcholine
transporter (VAChT) gene expression in the striatum of the
transgenic ChAT(IRES)-Cre mice, which was accompanied by
mild social disturbances and anxiety (Lhopitallier et al., 2022).
It is possible that these alterations might have contributed to
the discrepant results of our study and Klawonn et al. (2018),
particularly to the observed differences in operant responding, as
the runway task employed by Klawonn et al. is dependent on
locomotor activity.

ChAT(BAC)-Cre transgenic mice showed no differences
in basal locomotor activity, anxiety-related behavior,
nicotine-induced hypolocomotion, drug-induced cataplexy,
or operant food training (Chen et al., 2018). It is worth noting that
the ChAT(BAC)-Cre driver line showed higher levels of ChAT
and VAChT protein in the hippocampus despite normal behavior.
Here, using Western blotting, we measured ChAT protein in the
striatum of KO and WT mice, and no difference was found (see
Supplementary Figure 5).

Given the phenotypic similarity between the driver line and
knockout mice observed in the previous study (Klawonn et al.,
2018), reflected in the attenuation of operant food training,
we propose that the ChAT(IRES)-Cre driver line employed for
manipulating M4 receptor expression played a substantial role
in shaping the behavioral phenotype of the knockout mice,
since our knockouts generated from the ChAT(BAC)-Cre line
successfully acquired Pavlovian and operant conditioning. This
is also consistent with a recent report demonstrating that the
dynamics of dopamine in the striatum and its encoding of reward
do not rely on acetylcholine release from cholinergic interneurons
(Chantranupong et al., 2023).

However, environmental variables such as housing conditions,
light cycles, and handling procedures could also contribute
to variability in behavioral outcomes. Though we controlled
for these factors within our protocol, subtle differences in
stress levels or environmental enrichment may influence
cholinergic and dopaminergic system responses, potentially
affecting the replicability of findings across different laboratory
settings. Therefore, a direct comparison of ChAT(BAC)-Cre and
ChAT(IRES)-Cre driven M4 knockouts effect on Pavlovian and
operant conditioning might be in order.

4.2 Relevance of findings

We cannot disregard the possibility of compensatory
mechanisms occurring in the brains of knockout mice. Firstly, it is
known that M2 receptors are co-expressed with M4 on cholinergic
interneurons and can autoregulate acetylcholine dynamics (Zhang
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FIGURE 6

M4 mAChR deletion in ChIs does not alter the rewarding e�ects of cocaine, as assessed by conditioned place preference (CPP). (A) Conditioning
scores and (B) reinstatement scores reveal similar cocaine-CPP in KO and WT male mice, indicating no genotype e�ect on cocaine reward. Data
points represent individual animals (n = 11 WT, n = 16 KO).

FIGURE 7

M4 mAChR deletion in ChIs does not a�ect operant learning in a food-reward paradigm. (A) Mutant male mice acquired normal levels of responding
under a fixed ratio 1 schedule, suggesting preserved operant learning. Abscissa: Mean number of reinforcers earned during a 2-h session with a
maximum of 100 per session. Ordinate: Concentration of liquid food diluted in water. Inact—inactive hole (number of inactive nose-poke responses
per session). (B) Progressive ratio performance shows no significant di�erences, further supporting that M4 mAChR deletion does not a�ect
reinforcement learning. Abscissa: Mean number of reinforcers earned during a maximum of 6-h session with breaking points in brackets. Ordinate:
Concentration of liquid food diluted in water. Results suggest intact motivation and learning despite M4 receptor absence in ChIs.

et al., 2002). A previous study has shown that the M4 receptor
subtype is the main inhibitory muscarinic autoreceptor (Zhang
et al., 2002). Additionally, immunofluorescence microscopy
showed that M2 receptors localized on cholinergic terminals in
the striatum do not redistribute in response to the absence of
M4 receptors (Zhang et al., 2002). Therefore, it is not likely that
our results are due to a compensatory change in M2 receptor
expression. However, another study involving mAChR subtype-
null mice demonstrated that in the ventral striatum, only M4

autoreceptors are necessary for the indirect control of dopamine

release, whereas, in the dorsal striatum, both M2 and M4 are

required (Threlfell et al., 2010). Overall, it is suggested that both

M4 and M2 receptors can contribute to the autoregulation of
acetylcholine dynamics and their relative importance varies by
brain region.

Converging evidence indicates that multiple feedback

mechanisms can regulate acetylcholine tone in the striatum (Lim

et al., 2014). This implies that the influence of M4 receptors on
cholinergic interneurons may be relatively insignificant under

TABLE 2 Mean number of sessions required in an operant learning task to

reach criteria in KO and WT mice.

Criteria KO WT

Liquid food FR 1 acquisition 2.5± 0.2 (15) 2.6± 0.3 (15)

Liquid food FR 1 extinction 2.2± 0.3 (15) 2.6± 0.3 (15)

Liquid food PR baseline 3.0± 0.3 (13) 3.4± 0.3 (14)

Liquid food PR extinction 3.0± 0.4 (13) 3.2± 0.4 (14)

Data are group means± SEM, with the number of animals in brackets.

normal conditions but may become apparent when the system
is subjected to intense external stimuli, such as high doses of
cocaine. For example, dopamine acting at D2 inhibitory receptors
expressed on ChIs, decreases pacemaking activity and reduces
the release of acetylcholine in the striatum, similar to the effects
of M4 signaling (Kharkwal et al., 2016; Maurice et al., 2004).
Lewis et al. demonstrated that the absence of D2R signaling in

Frontiers inMolecularNeuroscience 10 frontiersin.org

https://doi.org/10.3389/fnmol.2024.1451010
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Berezovskaia et al. 10.3389/fnmol.2024.1451010

cholinergic neurons reduces the response to cocaine in a dose-
dependent manner (Lewis et al., 2020), which is similar to what
we observed in our KO mice, albeit at higher levels of stimulation.
Specifically, we found a diminished locomotor response to 40
mg/kg cocaine in knockout male mice. To examine whether
this is due to the differential induction of stereotypic behavior
at this high dose of cocaine (Tolliver and Carney, 1994), we
analyzed the videos for cocaine-induced stereotypy to address this
possibility and found that decreased locomotion was not driven by
repetitive behavior such as sniffing, grooming, circling, or rearing
(see Supplementary Figure 4). We speculate that the observed
decreased cocaine-induced hyperactivity may be attributed to
elevated acetylcholine levels resulting from the absence of M4-
inhibitory feedback. This elevation could potentially activate M4

receptors on dSPNs and corticostriatal and thalamic fibers, thereby
inhibiting the direct striatonigral pathway and consequently
preventing a full motor response to psychostimulants. However,
further investigation is needed to elucidate the precise synaptic
and cellular mechanisms underlying the diminished response
to a high dose of psychostimulant in M4 autoreceptor knockout
male mice.

Additionally, data reveal an alternative source of acetylcholine
in the striatum originating from the pedunculopontine nucleus
(PPN) and laterodorsal tegmental nucleus (LDT) (Dautan et al.,
2014). Brainstem cholinergic terminals that arise from the PPN and
LDT also express M4 as autoreceptors, and it is known that these
terminals project to CPu andNAc, where theymodulate the activity
of striatal ChIs (Dautan et al., 2020). In the present study, we
have focused on striatal cholinergic cells as the main modulators of
striatum output (Brimblecombe et al., 2018). However, cholinergic
neurons in the PPN and LDT may also play a role in the behavioral
outcome of the present study. Moreover, the basal forebrain
contains a significant proportion of cholinergic neurons which are
the major source of acetylcholine in the cortex, hippocampus and
amygdala (Woolf, 1991). These cholinergic neurons are crucial
regulators of cognitive functions and were shown to be critical
in encoding sensory cues and behavioral reinforcement (Blake
and Boccia, 2018; Robert et al., 2021). These cholinergic neurons
also express M2 and M4 presynaptically but the M2 subtype
seems to be the predominant autoreceptor in the basal forebrain
nuclei (Levey et al., 1991; Zhang et al., 2002). Despite the limited
evidence regarding the role of presynaptic M4 receptors in basal
forebrain cholinergic neurons we also must consider the possible
contribution of this subpopulation of M4 autoreceptors to the
observed phenotype.

In the present study, we assessed behaviors that recruit both
the ventral and dorsal striatum. Given the differential significance
of presynaptic M4 receptors in those areas (Threlfell et al., 2010),
we speculate that the lack of differences observed in the operant
task in M4 knockout mice could be due to the task’s reliance
on the proper functioning of the dorsomedial striatum where
M2 receptors seem to be more important for the modulation
of dopaminergic signaling. Cocaine-induced hyperlocomotion,
behavioral sensitization, and CPP are primarily dependent on
nucleus accumbens functioning, where M4 autoreceptors appear
to be more critical (Threlfell et al., 2010). Indeed, we observed a
difference in the effect of high doses of cocaine or scopolamine on

hyperlocomotion, however the rewarding and sensitizing effects of
cocaine were not affected.

Previous studies have reported a dose-dependent increase
in locomotor activity induced by the muscarinic antagonist
scopolamine, which was notably absent in globalM4 knockoutmice
(Moehle et al., 2021), suggesting the involvement of these receptors
in the behavioral response to scopolamine. THP, another non-
selective mAChR antagonist commonly used in dystonia treatment
(Thenganatt and Jankovic, 2014), has been shown to partially exert
its effects through M4 autoreceptors, enhancing dopamine release
(Downs et al., 2019). Furthermore, Downs and colleagues reported
that a selective M4 subtype mAChR antagonist (VU6021625)
enhances DA release by specifically blocking M4 receptors on
cholinergic interneurons (Downs et al., 2022). Our assessment
of locomotor activity in an open field following scopolamine
treatment yielded similar results, with female knockout mice
exhibiting diminished scopolamine-induced hyperlocomotion at 3
mg/kg dose with a similar but not significant trend at 1 mg/kg.
However, this was not observed in the male mice.

Until recently, the predominant focus in rodent studies has
been on males. In our investigation, both male and female subjects
were included. Our findings reveal that only male knockout
subjects displayed reduced cocaine-induced hyperlocomotion,
whereas females did not differ from wild type littermates. This
might be explained by sex differences in the dopaminergic system
(Woodcock et al., 2020) however, the precise mechanism by which
deletion of the M4 muscarinic autoreceptor might have sexually
dimorphic effects on cocaine-induced hyperlocomotion needs
further examination. Conversely, only female mice showed changes
in scopolamine-induced locomotion, while male mice displayed
no differences between genotypes. Unfortunately, in the present
study, only male M4 autoreceptor deficient mice were tested in the
operant conditioning task. Given the specific sensitivity of female
KO mice to cholinergic challenge and the known involvement of
the cholinergic system in learning and memory it would have been
relevant to also assess female mice in this task.

Previous research has shown that sex hormones influence M4

expression. Ovariectomy, for example, led to the upregulation of
M4 muscarinic receptors across various brain regions, including
the hippocampus, hypothalamus, and frontal cortex (El-Bakri et al.,
2002). Estrogen replacement therapy restored M4 levels to baseline
(El-Bakri et al., 2002). Studies have indicated that sex hormones
can impact circadian rhythms (Bailey and Silver, 2014) and it has
also been reported that global M4 deletion increases motor activity
exclusively in females during the dark phase, highlighting sex-
related differences that were not observed inmales (Valuskova et al.,
2018). Overall, while the precise nature of these sex differences
remains unclear, earlier reports indicate that sex hormones and
circadian rhythms could mediate some of the effects observed in
our study (El-Bakri et al., 2002; Valuskova et al., 2018).

4.3 Future directions

As mentioned above, logical follow-up to this study would
involve including female mice in the operant conditioning
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tasks to assess potential sex-specific effects of M4 receptor
deletion on reinforcement learning and operant responding. Given
the observed differences in scopolamine-induced locomotion
between male and female knockout mice, testing females in
operant paradigms could reveal further sex-dependent effects on
motivation and learning, particularly given the role of acetylcholine
in these cognitive processes. In addition, expanding on the
pharmacological scope of this study by testing other agents that
engage the dopaminergic and cholinergic systems differently and
more specifically than cocaine and scopolamine might be of
relevance. For example, examining the effects of drugs selective for
specific dopamine or muscarinic receptor subtypes could provide
insight into the specific roles of M4 autoreceptors in modulating
dopamine-dependent and cholinergic behaviors across a broader
range of stimuli.

5 Conclusion

Our findings are in discrepancy with previous research
data that demonstrated impaired learning in knockout mice
lacking M4 receptors on cholinergic neurons (Klawonn et al.,
2018). Contrary to the earlier study, we observed no significant
alterations in the rewarding properties of cocaine as well as
in operant learning in knockout mice. However, we have seen
sex-specific effects of M4 autoreceptor deletion on cocaine and
scopolamine induced locomotion. Overall, these findings highlight
the nuanced, sex-specific roles of M4 autoreceptors in modulating
behavioral responses to pharmacological challenges, suggesting that
targeted modulation of M4 receptors could serve as a promising
strategy for developing drugs that address sex-specific behavioral
disorders. By tailoring therapeutic approaches to the distinct
neurochemical responses observed in male and female subjects,
such interventions could enhance efficacy and reduce side effects
in treating conditions like schizophrenia, substance use disorders,
Parkinson’s disease, and other neuropsychiatric disorders with sex-
dependent characteristics.
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