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Abstract

Background Acetylcholine (ACh) signalling mediated by muscarinic acetylcholine receptors (mAChRs) significantly
influences various physiological functions, including muscle contraction. Among these receptors, the M; and M,
subtypes are key modulators of neurotransmission at the neuromuscular junction (NMJ), acting through the protein
kinase C (PKC) signalling pathway, critical for synaptic function. PKC phosphorylates essential synaptic vesicle-
associated proteins such as Mammalian uncoordinated-18 (Munc18-1) and Synaptosome-associated protein of

25 kDa (SNAP-25), facilitating synaptic vesicle fusion and neurotransmitter release. Although neurotransmitter release
at the NMJ is known to be coordinately regulated by both presynaptic nerve stimulation and retrograde signalling
from muscle contraction, the role of these activities in controlling M, and M, receptor-mediated PKC pathways has
not been previously explored.

Methods To differentiate the effects of presynaptic nerve stimulation from muscle contraction on M, and M,
receptor pathways, rat phrenic nerves were electrically stimulated at 1 Hz for 30 min, both with and without muscle
contraction, which was abolished with p-conotoxin GlIIB. Selective inhibitors Pirenzepine (M, receptor antagonist) and
Methoctramine (M, receptor antagonist) were used to differentiate the muscarinic receptor-specific PKC pathways.
Protein levels and phosphorylation states were analysed through Western blotting. Immunohistochemical analysis
was used to locate specific molecules at the NMJ.

Results We observed that presynaptic nerve stimulation resulted in a downregulation of M, receptor expression,
while nerve-induced muscle contraction upregulated both M, and M, receptors. Interestingly, M, receptor activity
was consistently inhibited by the M, receptor signalling. Regarding PKC signalling, our data revealed that M, receptor

*Erica Hurtado, Josep Tomas and Maria A. Lanuza contributed
equally to this work.

*Correspondence:
Maria A. Lanuza
mariaangel.lanuza@urv.cat

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12964-025-02440-4
http://orcid.org/0000-0001-6445-1538
http://orcid.org/0000-0003-0473-3730
http://orcid.org/0000-0001-5690-9932
http://orcid.org/0000-0003-0983-4944
http://orcid.org/0000-0001-7327-8415
http://orcid.org/0000-0002-4151-1697
http://orcid.org/0009-0004-5435-9622
http://orcid.org/0009-0006-6413-9185
http://orcid.org/0000-0001-8930-4462
http://orcid.org/0000-0002-0406-0006
http://orcid.org/0000-0003-4795-4103
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-025-02440-4&domain=pdf&date_stamp=2025-9-26

Polishchuk et al. Cell Communication and Signaling (2025) 23:437

Page 2 of 18

activity selectively downregulated PKCB1, whereas M, receptor activity reduced PKCe expression under both
presynaptic stimulation and nerve-induced muscle contraction. These changes influenced the phosphorylation
of key PKC substrates, Munc18-1 and SNAP-25, essential for synaptic vesicle dynamics. Specifically, the M;-PKC(31
axis was critical for Munc18-1 phosphorylation during presynaptic activity, thus regulating synaptic vesicle fusion.
Meanwhile, the M,-PKCe pathway, modulated by M, receptor activity, controlled SNAP-25 phosphorylation during
both presynaptic activity and nerve-induced muscle contraction, ultimately impacting neurotransmitter release.

Conclusion Our findings reveal a detailed molecular mechanism underlying the activity-dependent interplay
between M, and M, mAChRs and their respective PKC isoforms, highlighting their combined roles in optimizing

acetylcholine release at the NMJ.

Introduction

The neuromuscular junction (NM]J) is a synapse that
connects motor neurons to muscle fibres, providing the
transmission of signals that activate postsynaptic nico-
tinic acetylcholine receptors, allowing efficient neuro-
transmission from nerve to muscle, which is essential
for muscle contraction and movement. Within this spe-
cialized synapse, presynaptic muscarinic acetylcholine
receptors (mAChRs) and protein kinase C (PKC) play
central roles in modulating neurotransmission and syn-
aptic plasticity [1-9].

mAChRs, members of the G protein-coupled recep-
tor family, are activated by acetylcholine released from
motor neurons themselves and mediate diverse effects
on NM]J function. Among the five known mAChR sub-
types, M, (Gag-type) and M, (Go;-type) [10] are the most
prominently expressed at the NMJ [11, 12]. Activation of
M,; mAChRs enhances acetylcholine release, while M,
mAChRs typically inhibit it, ensuring precise control
over muscle contraction [6, 13]. The functional inter-
play between these mAChR subtypes at the presynap-
tic terminal of the NMJ significantly influences synaptic
transmission dynamics, contributing to accurate motor
control.

PKC, a family of serine/threonine kinases, also serves
as a central regulator of synaptic transmission and plas-
ticity at the NMJ [14, 15]. Activation of PKC isoforms
is subtypes-dependent: occurs in response to calcium
influx, diacylglycerol production, and phosphatidylser-
ine for classical PKC isoforms (cPKCs), whereas novel
PKC isoforms (nPKCs) are activated by diacylglycerol
and phosphatidylserine but are calcium-dependent [16].
Once activated, PKC phosphorylates a variety of sub-
strates, including proteins essential for neurotransmit-
ter release and synaptic vesicle trafficking. At the NMJ,
PKCP1 and PKCe are the predominant isoforms localized
presynaptically, where they play significant roles in regu-
lating the release of acetylcholine (ACh) [2, 4]. Notably,
their activity is influenced by the muscarinic receptors
[9], linking mAChR signalling to PKC-mediated regula-
tion of neurotransmission.

Muncl8-1 (mammalian uncoordinated-18) and
SNAP-25 (synaptosome-associated protein 25) are two

presynaptic PKC targets, critical for the neurotransmis-
sion at the NMJ. Munc18-1, localized in the presynaptic
terminal [7, 9], facilitates the assembly of the SNARE
complex, which is essential for synaptic vesicle fusion and
increases the pool available for release [17, 18]. Specific
phosphorylation of Munc18-1 by PKC at residues such as
serine 306 (S306) and serine 313 (S313) can significantly
modulate its interaction with syntaxin-1 and influence
synaptic vesicle exocytosis [19-22]. At NM]J, the PKCp1
and PKCe isoforms work together to regulate the activ-
ity-dependent phosphorylation of Munc18-1 [7], linking
presynaptic signalling pathways to fine-tuned modula-
tion of neurotransmitter release.

SNAP-25 is a core component of the SNARE com-
plex, essential for the fusion of synaptic vesicles with the
presynaptic membrane, neurotransmitter release, and
vesicle pool refilling [23, 24]. Located presynaptically at
the NMJ [8, 25], SNAP-25 undergoes phosphorylation at
threonine 138 (T138) by protein kinase A (PKA) [26, 27]
and at serine 187 (5187) by PKC [15, 28, 29]. Specifically,
PKCe is specifically responsible for the activity-depen-
dent SNAP-25 (S187) phosphorylation at the NMJ [8].
Furthermore, nerve-induced muscle contraction exerts a
retrograde effect on the PKC-induced phosphorylation of
Muncl8-1 and SNAP-25, modulating their performance
in an activity-dependent manner [7, 8]. This retrograde
signalling also affects the expression and function of M,
and M, receptors [30], highlighting that presynaptic
activity and the resulting muscle contraction are mutually
coupled to control the neurotransmission mechanism.

Therefore, although PKC is essential for neurotrans-
mission at the NM]J, the specific molecular signalling
pathways linking PKC activation to ACh release in
response to presynaptic activity and to nerve-induced
muscle contraction remain unclear, particularly regard-
ing their regulation by mAChRs activation. In this study,
we aimed to investigate whether the activity-dependent
regulation of M; and M, mAChRs modulates the classi-
cal PKCPB1 and novel PKCe isoforms, as well as the phos-
phorylation of their key downstream targets, Munc18-1
and SNAP-25, which are crucial for ACh release at the
NM]J. To analyse this, we investigated the effect of selec-
tive muscarinic receptor blockade (M; and M,) during
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presynaptic activity and nerve-induced muscle contrac-
tion assessing the subsequent activation of PKC isoforms
and phosphorylation of their respective targets. Our
findings elucidate the molecular mechanism underlying
the activity-dependent interaction between the M; and
M, mAChRs pathways and presynaptic PKC isoforms,
ensuring a balanced and efficient process of ACh release.
Understanding these molecular pathways is particularly
relevant in the context of neuromuscular disorders, as
they provide valuable insights into potential therapeutic
interventions aimed at restoring optimal neuromuscular
function.

Methods

Animal care

Male and female Sprague Dawley rats, aged between 30
and 40 days and sourced from Criffa, Barcelona, Spain,
were cared for according to the ethical standards man-
dated by the European Community Council Directive
for laboratory animals. To collect tissue samples, the ani-
mals were euthanized in a humane manner using a lethal
dose of 4% tribromoethanol from Sigma-Aldrich. Each
experimental condition comprised at least three animals
(n>3) to ensure biological replication. All animal proce-
dures were approved by the Ethics Committee of Animal
Experimentation at Universitat Rovira i Virgili (reference
number of approved project by Generalitat de Catalunya:
10,760, 23.01.2020), which is based on the Basel Decla-
ration Statement and follows the 3R principle (replace,
reduce, refine).

Antibodies

For the Western blotting investigations in this study,
we obtained primary and secondary antibodies from
selected suppliers, with their concentrations outlined in
Table 1. Before employing the Western blotting method,
we validated the specificity of primary antibodies by
detecting specific bands at their anticipated molecular
weights, as expected [7-9, 30].

Reagents

To block muscle contraction, we applied p-conotoxin
GIIIB (#C-270, Alomone Labs Ltd, Jerusalem, Israel),
known for its ability to inhibit sarcolemmal voltage-
dependent sodium channels (VGSCs) while leaving syn-
aptic ACh release and ACh signalling unaffected [31,
32]. The toxin was utilized in a lyophilized powder form
with a purity exceeding 99%. We prepared a stock solu-
tion of p-conotoxin GIIIB at a concentration of 150 pM.
The working concentration, used in Ringer's solution
(mM: NacCl 137, KCl 5, CaCl, 2, MgSO,, 1, NaH,PO, 1,
NaHCOj; 12, glucose 12.1, and DMSO 0.1%), was 1.5 uM.
This solution was oxygenated with a mixture of O, and
CO, in a ratio of 95:5.
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Table 1 Antibodies
Target Epitope Source Company Dilution
(#cat)
mAChR M, Hu M1 mAChR  RbpAb Alomone Labs  1/1000
residues within (AMR-001)
227-353 (3rd
intracellular
loop)
mAChR M, HuM2mAChR  RbpAb Alomone Labs  1/1000
residues within (AMR-002)
225-356 (3rd
intracellular
loop)
PKCB1 Hu PKCB1 Ms Santa Cruz 1/1000
C-terminus mAb (sc-8049)
pPKCB1 (T642) Hu PKCR1resi- RbpAb Abcam 1/1000
dues 640-644 (ab5782)
PKCe Hu PCKe Rb pAb  Santa Cruz 1/1000
C-terminus (sc-214)
pPKCe (5729) Hu PKCe Rb pAb  Santa Cruz 1/1000
residues around (sc-12355)
pS729
Munc18-1 Hu Munc18-1 Rb pAb CST (13,414) 1/1000
residues around 1/500
Y157
pMunc18-1 Hu Munc18- Rb pAb  Abcam 1/1000
(5313) 1 residues (ab138687)
307-319
SNAP-25 Hu SNAP-25 Rb mAb CST (5309) 1/1000
residues around 1/500
GIn116
PSNAP-25 Rat SNAP-25 Rb pAb  Abcam 1/1000
(S187) residues around (ab169871)
pS187
S100 Epitope located Ms Sigma-Aldrich ~ 1/50
(B-Subunit) on the B-chain  mAb (S2532)
(i.e., in S-100a
and S-100b)
Syntaxin Rat Syntaxin Ms Millipore 1/1000
mAb (S0664)
Neurofilament  Epitope inthe ~ Ms Sigma-Aldrich  1/1000
200 tail domain of mAb (NO142)
neurofilament
200 (also re-
ferred to as the
H-subunit)
Secondary Anti-Rb conju- Dk pAb  Jackson Im- 1/10000
antibodies gated HRP munoResearch
(711-035-152)
Anti-Ms conju-  Rb pAb  Sigma-Aldrich  1/10000
gated HRP (A9044)
Anti-Ms conju- Dk pAb  Jackson Im- 1/1000
gated TRITC munoResearch
(715-025-151)
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Table 1 (continued)

Target Epitope Source Company Dilution
(#cat)
Anti-Rb con- Dk pAb Invitrogen 1/1000
jugated Alexa Antibodies
fluor 488 (A-21206)
a-Bungarotoxin Thermo Scien-  1/800
conjugated tific (B35450)

Alexa Fluor 647
Antibodies used in this study and procedure specifications

Abbreviations: Dk donkey, Hu human, mAb monoclonal antibody, Ms mouse,
pAb polyclonal antibody, Rb rabbit

To assess the impact of muscarinic inhibition, we used
Pirenzepine dihydrochloride (PIR) (#1071, Tocris) as an
M, mAChR selective antagonist, with a 10 mM stock
solution used at 10 pM, and Methoctramine tetrahydro-
chloride (MET) (#M105, Sigma) as an M, mAChR selec-
tive antagonist, with a 1 mM stock solution used at 1 pM,
as previously described in basal condition without elec-
trical stimulation of hemidiaphragm [6, 33]. Although
this concentration is commonly considered selective for
M,, potential off-target effects, including partial block-
ade of other mAChR subtypes or cellular side effects [34,
35], cannot be completely excluded and were considered
during data interpretation. In both control and drug-con-
taining conditions, all chemicals were diluted in Ringer's
solution containing 0.1% dimethyl sulfoxide (DMSO) as
the vehicle.

Tissue dissection and treatment

The diaphragm muscle, recognized as a reliable model for
studying NMJ development and function [36—38], under-
went precise dissection to preserve phrenic nerve con-
nections. Following isolation, nerve-muscle preparations
were immersed in Ringer's solution and maintained at a
steady temperature of 26 °C throughout the experiment.

In this ex vivo experimental setup, one hemidiaphragm
was allocated to the experimental treatment, while its
counterpart served as an untreated control for compara-
tive analysis. Muscle contraction was induced by stimu-
lating the phrenic nerve at a frequency of 1 Hz, chosen
to sustain various tonic functions without depleting syn-
aptic vesicles. Stimulation, lasting 30 min, was delivered
using the A-M Systems 2100 isolated pulse generator
(A-M System), following established research protocols
[2,7, 8, 25, 30].

We designed a stimulation protocol specifically aimed
at sustaining nerve stimulation and its associated neu-
rotransmission mechanisms, thereby preventing non-
nerve-induced (direct) muscle contraction mechanisms
[39-41]. To confirm muscle contraction, we relied on
visual inspection. Our study comprised four distinct
experiments, each designed to elucidate the effects of
Pirenzepine dihydrochloride (PIR) as an M; mAChR
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selective antagonist, and Methoctramine tetrahydrochlo-
ride (MET) as an M, mAChR selective antagonist under
conditions of synaptic activity or nerve-induced muscle
contraction, as demonstrated in Fig. 1.

1) To estimate the effect of M; mAChR inhibition
by PIR under synaptic activity we compared
presynaptically stimulated muscles whose
contraction was blocked by u-CgTx-GIIIB with and
without PIR: ES vs ES + PIR.

2) To demonstrate the influence of M, mAChR
inhibition by MET during synaptic activity, we
compared muscles stimulated presynaptically, with
contraction blocked by p-CgTx-GIIIB, both with and
without MET: ES vs ES + MET.

3) To show the impact of the PIR under muscle
contraction, we compared stimulating and
contracting muscles with and without PIR: (ES + C)
vs (ES+C) + PIR.

4) To demonstrate the effects of M, mAChR inhibition
during muscle contraction, we compared muscles
that were stimulated and contracted with and
without MET: (ES+C) vs (ES+C) + MET.

For experiments requiring stimulation without muscle
contraction, we introduced p-CgTx-GIIIB (refer to the
Reagents section). Prior to the application of p-CgTx-
GIIIB, we conducted a thorough visual examination to
confirm the accuracy of muscle contraction [2, 7, 8, 25,
30].

Sample processing by Western blotting and fractionation
After concluding the treatment, we immediately froze the
whole cell lysate samples for preservation. For a more in-
depth understanding of the homogenization and Western
blotting procedures utilized, we suggest consulting our
previous research Cilleros-Mané et al., 2021 [9].

Band densitometry analysis was performed utilizing
Image] 1.52a software (National Institutes of Health,
USA) [42]. The integrated optical density of the bands
underwent normalization against both background val-
ues and the total protein transferred onto PVDF mem-
branes. Total protein analysis was conducted using Sypro
Ruby protein blot stain from Bio-Rad [43].

Relative differences between the experimental and con-
trol samples were assessed using the same membrane
image. The findings presented in this study are based on
densitometry measurements obtained from 3-10 indi-
vidual replicates, with comparisons made against control
samples. Importantly, the data quantification was per-
formed in a blinded manner.
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Exp. Control

#1,2 Stimulation, blocked contraction, no PIR/MET Stimulation, no contraction, PIR/MET

1. Hemidiaphragm extraction

2. P-CgTx-GllIB preincubation with PIR/MET
3. Phrenic nerve stimulation with blocked

1. Hemidiaphragm extraction

2. Pp-CgTx-GllIB preincubation

3. Phrenic nerve stimulation with blocked
contraction

contraction

PIR/

Stimulation, contraction, no PIR/MET
1. Hemidiaphragm extraction
2. Phrenic nerve stimulation with contraction

(2025) 23:437

Stimulation, contraction, PIR/MET
1. Hemidiaphragm extraction
2. PIR/MET preincubation
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Outcome

Effect of M1/M2 inhibition during
presynaptic activity

Treatment

<=
s LA

Effect of M1/M2 inhibition during
muscle contraction

3. Phrenic nerve stimulation with contraction

oy

PIR/

5

/7 V7 —
5 A

Fig. 1 Design of experimental treatment for the study of effects of M; or M, mAChRs inhibition during presynaptic activity and nerve-induced muscle
contraction. p-CgTx-GllIB, py-conotoxin GlIIB; PIR, Pirenzepine dihydrochloride (M; mAChR selective antagonist); MET, Methoctramine tetrahydrochloride

(M, mAChR selective antagonist)

Immunohistochemistry

To validate the presynaptic specificity of the signalling
components analysed by Western blot, we conducted
immunohistochemical (IHC) localization of Munc18-1
and SNAP-25 in the levator auris longus (LAL) muscle.
These proteins were chosen as presynaptic markers to
confirm the presynaptic localization of the molecular
mechanisms previously described in the same biologi-
cal context used for biochemical studies. We used the
protocol detailed by Cilleros-Maié et al., 2021 [9]. The
LAL muscle samples for this analysis were taken from
the same animals (#=3) that were used in our Western
blot experiments. Immunohistochemistry was performed
on the LAL muscle due to its thinness, which facilitates
high-resolution imaging of NM]Js, and because previous
studies have shown that LAL and diaphragm muscles
yield consistent and comparable results in terms of syn-
aptic labelling (e.g., [2, 5, 9, 44]). Western blot analyses
were carried out on diaphragm samples subjected to
treatment protocols to ensure consistent biochemical
quantification while also reducing the number of animals
used, in accordance with ethical guidelines concerning
the reduction of animal use.

As part of our control procedures, we processed some
muscle samples through immunohistochemistry with-
out adding primary antibodies. These control samples
exhibited no positive staining. In experiments involv-
ing double-staining, omitting either primary antibody
resulted in the absence of the respective staining, with no
cross-reactivity detected between the remaining primary
antibody. To ensure validity of our results, we included
at least three muscle samples as negative controls in our
experimental setup.

To examine immunolabeled NMJs in whole-mount
muscles, we used a Zeiss LSM880 AiryScan confocal
microscope paired with a Zeiss PlanApo A ~63 1.42 NA
oil objective [9]. For quantitative colocalization analysis,
we used the Pearson correlation coefficient (r) to mea-
sure the association between two probes within an image
and conducted 3D colocalization analyses on confocal
stacks using FIJI (Image] 1.54f) software (National Insti-
tutes of Health, USA) [45]. Representative images were
assembled using Adobe Photoshop 8.0.1 (Adobe Systems,
San Jose, CA).

Statistical analysis

In all the experiments described, we ensured a mini-
mum of three animals (n>3) were used as biological
replicates. Each experiment was conducted with at least
three biological replicates, and each biological replicate
was evaluated in three technical replicates. The sample
size determination, aimed at optimizing animal use, was
based on criteria established in prior studies [46, 47].

The results, expressed as mean + SEM (Standard Error
of the Mean), are displayed as ratios or percentages rela-
tive to the control. Sample normality was assessed using
the Shapiro—Wilk test, and statistical differences were
determined using either the paired Student's t-test or the
non-parametric Wilcoxon test. All analyses were per-
formed using GraphPad Prism version 8.0.2 for Windows
(GraphPad Software, Boston, Massachusetts, USA).

In the figures, each dot within the bars represents the
mean result obtained from an individual animal. Statisti-
cal significance was indicated using the following thresh-
olds: *p <0.05, **p <0.01, and ***p <0.001.
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(See figure on previous page.)

Fig.2 Modulation by PIR or MET of M; and M, mAChRs, different presynaptic isoforms of PKC and their targets Munc18-1 and SNAP-25 protein levels dur-
ing presynaptic activity. A-D Western blot analysis of protein levels after treatment with presynaptic stimulation with PIR —ES versus ES+ PIR— and with
MET —ES versus ES+MET. A M, and M, mAChRs. B PKCB1 and its phosphorylated form pPKCB1 Té42. C PKCe and its phosphorylated form pPKCe $729.
D Munc18-1 and its phosphorylated form pMunc18-1 S313. E SNAP-25 [30] and its phosphorylated form pSNAP-25 S187. Data are expressed relative to
experimental control — ES (dotted line) (mean+SEM). *p <0.05, **p <0.01, and ***p <0.001 versus the corresponding control. F Graphical representation
of the results, the effect of PIR and MET during presynaptic stimulation on presynaptic PKC isoforms and targets. ES, electrical stimulation; M;/M, mAChR,
muscarinic acetylcholine receptor M;/M,; PKCPB1/PKCe, protein kinase C 31/¢; Munc18-1, mammalian homologue of UNC-18; SNAP-25, synaptosome-
associated protein 25; PIR, Pirenzepine dihydrochloride (M; mAChR selective antagonist); MET, Methoctramine tetrahydrochloride (M, mAChR selective

antagonist)

Results

Presynaptic stimulation regulates muscarinic pathway and
muscarinic-induced PKC-dependent phosphorylation of
Munc18-1 and SNAP-25

To analyse how the nerve-induced activity controls mus-
carinic receptors to regulate synaptic pathways governing
neurotransmission at the NM]J, we applied presynap-
tic electrical stimulation (ES) together with Pirenzepine
dihydrochloride (PIR), M; mAChR selective antagonist
(ES+PIR), or Methoctramine tetrahydrochloride (MET),
M, mAChR selective antagonist (ES+MET), and then
analysed several key members of the neurotransmission
pathway, including muscarinic receptors, PKC isoforms
and their downstream targets. The addition of PIR dur-
ing presynaptic stimulation (ES vs ES + PIR) increased the
level of M; mAChR, while M, mAChR levels remained
unchanged. Similarly, the addition of MET during pre-
synaptic stimulation (ES vs ES+MET) also led to an
upregulation of M; mAChR, with no significant effect on
M, mAChR levels (Fig. 2A). The amount of PKCp1 was
increased during presynaptic stimulation with PIR but
did not change with MET. However, blocking M, or M,
respectively with PIR or MET in the presence of nerve
stimulation did not affect pPKCp1 T642 (Fig. 2B). Oppo-
sitely, nPKCe remained unchanged during presynaptic
stimulation with PIR and was upregulated in the same
condition with MET. pPKCe S729 was not affected by
any of the selective antagonists (Fig. 2C). Together, the
results show that the phosphorylation of the presynaptic
PKC isoforms is independent of the muscarinic receptors
when the nerve-induced activity is present.

Regarding the targets of PKC, Munc18-1 (Fig. 2D) was
unaffected by PIR but was downregulated by MET. At the
same time, pMunc18-1 S313 was decreased in response
to presynaptic stimulation with PIR but did not change
with MET. SNAP-25 (Fig. 2E) as Munc18-1 was down-
regulated only by MET but not by PIR. However, pPSNAP-
25 S187 was upregulated by both MET and PIR during
presynaptic activity.

In summary, during nerve-induced presynaptic activ-
ity, the M; mAChR or M, mAChR blockage induced an
accumulation of the M; mAChR. In the same presynap-
tic stimulation condition, M; mAChR downregulated
PKCB1, while M, mAChR decreased the level of PKCe.
Additionally, M, mAChR upregulated the total levels

of both targets of PKC, Munc18-1 and SNAP-25, but
downregulated pSNAP-25 S187. In contrast, M; mAChR
oppositely affected phosphorylated forms of Munc18-1
and SNAP-25, upregulating pMunc18-1 S313 and down-
regulating pSNAP-25 S187. Figure 2F shows a graphical
summary of these findings.

To assess the presynaptic localization of SNAP-25 and
Muncl8-1 at the NM]J, we performed immunohisto-
chemical labelling and quantitative colocalization analy-
sis (Fig. 3). Munc18-1 showed a strong colocalization
with the presynaptic markers Syntaxin and Neurofila-
ment (Synt+NF) (r=0.82+0.01), confirming its enrich-
ment within the presynaptic terminal [7, 9]. In contrast,
its overlap with postsynaptic AChRs was moderate
(r=0.53+0.02), indicating a clear spatial separation from
the postsynaptic domain.

SNAP-25 followed a similar distribution pat-
tern, displaying high colocalization with Synt+NF
(r=0.72+0.02), and a moderate correlation with AChRs
(r=0.58+0.01). Together, these findings support the
selective presynaptic localization of both proteins and
underscore their muscarinic-induced roles in synaptic
vesicle dynamics within motor neuron terminals [7, 9, 25,
30].

Nerve-induced muscle contraction regulates muscarinic
pathway and muscarinic-induced PKC-dependent
phosphorylation of Munc18-1 and SNAP-25

In the muscle contraction condition, M; mAChR was
upregulated with both selective antagonists PIR ((ES + C)
vs (ES+C)+PIR) and MET ((ES+C) vs (ES+C)+MET),
while M, mAChR was unaffected by any of them
(Fig. 4A).

Regarding presynaptic PKCs, the total protein level of
PKCP1 and its phosphorylated form, pPKCB1 T642, were
increased during nerve-induced muscle contraction with
PIR but were unaffected by MET (Fig. 4B). PKCe and its
phosphorylated form, pPKCe S729, were regulated dif-
ferently by PIR and MET during muscle contraction. M,
mAChR blockage by PIR upregulated pPKCe S729 but
did not change the total levels of PKCe. In contrast, M,
mAChR blockage by MET during nerve-induced muscle
contraction increased the level of PKCe but downregu-
lated pPKCe S729 (Fig. 4C).



Polishchuk et al. Cell Communication and Signaling

(2025) 23:437

Munc18-1 pixel intensity

SNAP-25 pixel intensity

=, 2
(%] wv
c C
[J] (V]
= =
£ £
K9] K7
X X
of of
< €
e} >
i wv
2 =
¥ > L [T
— > = — - z
NF & Synt pixel intensity AChR pixel intensity
2 2
5 2
g 2
£ =
- (]
kS =
< -
N c
N Al
o
< [~}
= [T
wn 2

NF & Synt pixel intensity

Fig. 3 (See legend on next page.)

AChR pixel intensity

AChR pixel intensity

O

Pearson's correlation coeficient (r)

Page 8 of 18



Polishchuk et al. Cell Communication and Signaling

(See figure on previous page.)

(2025) 23:437

Page 9 of 18

Fig. 3 Munc18-1 and SNAP-25 localization at the adult NMJ. A1-A3 Super resolution image of a NMJ with triple labelling: Munc18-1 (green), Neurofila-
ment+ Syntaxin (red), and AChR (blue). B1-B2 Confocal image of a NMJ with triple labelling: SNAP-25 (green), Neurofilament + Syntaxin (red), and AChR
(blue). Scale bar: 10 um. € Example of quantitative colocalization represented as heatmap of the intensity of between anti-Munc18-1 labelling, presyn-
aptic Neurofilament and Syntaxin labelling and postsynaptic AChR labelling. D Average Pearson’s correlation coefficient of the colocalization between
Munc18-1 versus Neurofilament and Syntaxin and versus AChRs. E Example of quantitative colocalization represented as heatmap of the intensity of
between anti-SNAP-25 labelling, presynaptic Neurofilament and Syntaxin labelling and postsynaptic AChR labelling. F Average Pearson’s correlation coef-
ficient of the colocalization between SNAP-25 versus Neurofilament and Syntaxin and versus AChRs

The targets of these PKC isoforms were differently
affected by M; mAChR and M, mAChR blockage by
PIR and MET, respectively. The total Munc18-1 protein
level was downregulated by MET, during nerve-induced
muscle contraction. However, the phosphorylated form
pMuncl8-1 S313 remained unchanged by any of the
antagonists (Fig. 4D). The levels of total SNAP-25 protein
were not affected by both M; mAChR and M, mAChR
blockage. In contrast, pSNAP-25 S187 was upregulated
during nerve-induced muscle contraction with both PIR
and MET (Fig. 4E).

In summary, during nerve-induced muscle contrac-
tion, as occurs with presynaptic activity, both M; and M,
mAChR blockade cause an accumulation of M;. Thus, in
a condition of presynaptic stimulation resulting in con-
traction or not, M, in order to be functional needs M,
activation to maintain its level and prevent accumulation.
M,; mAChR downregulated PKCP1 and its phosphory-
lated form, pPKCp1 T642, as well as pPKCe S729. On the
other hand, M, mAChR downregulated PKCe but upreg-
ulated pPKCe S729. Regarding the targets, both M; and
M, mAChRs downregulated pSNAP-25 S187 and only
M, mAChR upregulated Munc18-1, though not its phos-
phorylated form. Figure 4F shows a graphical summary
of these findings.

Discussion
The M, and M, muscarinic receptor subtypes regu-
late ACh release at the NM]J, but they perform opposite
functions, as M, increases it, whereas M, decreases the
end-plate potential [6, 13]. Although M, and M, recep-
tors are both present at the NM]J, M, is more abundantly
expressed and more robustly detected at the NMJ, as pre-
viously reported [11, 48-52]. Different modulations by
muscarinic receptors control PKC presynaptic isoforms,
PKCp1 and PKCg, to regulate the phosphorylation of key
molecules of the exocytotic synaptic vesicle machinery
[2, 4, 5, 7-9] to balance neurotransmission [6, 13].
Interestingly, M, and M, muscarinic receptors [30] and
presynaptic PKC isoforms [2, 4, 5] are upregulated by
nerve-induced muscle contraction; however, the molecu-
lar mechanisms and the potential interaction between
these two retrograde regulations have not been studied
until now. Here, we provide the mechanism demonstrat-
ing the cooperation of muscarinic receptors to regulate
presynaptic PKC isoforms and their synaptic targets in
response to neural activity at the neuromuscular system.

These results enhance our understanding of how func-
tional bidirectional communication is regulated at the
NM]J.

In this study, we identified a muscarinic signalling
pathway confined to the presynaptic terminal of the NMJ,
involving M; and M, mAChRs, PKCBI, PKCeg, and the
presynaptic targets Muncl8-1 and SNAP-25. This was
supported by biochemical fractionation and immunoflu-
orescence analyses showing selective enrichment of these
components in the synaptic region and their involvement
in neurotransmitter release [2, 5, 7-9, 44, 53]. Therefore,
it is expected that the results obtained from the mAChR
regulation on these PKC isoforms and their downstream
pathways are located in the presynaptic compartment
of the NMJ. However, although muscarinic receptors,
specifically M; and M, subtypes, have been identified
primarily on presynaptic terminals at the NM]J, playing
essential roles in modulating autocrinally synaptic trans-
mission [6, 9, 11, 12, 33, 54], the localization of M, and
M, receptors in perisynaptic glial cells [11, 55, 56], the
muscle cells [49, 51, 57-59], and the observed modula-
tion of mostly postsynaptic PKCa by M, antagonism [9]s,
suggest that muscarinic signalling may not be restricted
to the presynaptic terminal. Notably, if some of the
mACHhR effects start in the perisynaptic glia cells or the
postsynaptic cell, this would indicate a level of intercel-
lular communication mediated by muscarinic signalling
and underscore the complexity of its regulation within a
tripartite synapse. For example, stabilization of nAChRs
at the postsynaptic membrane depends on synaptic activ-
ity and PKC signalling, particularly involving PKC8 [60,
61], and this process may be influenced by presynaptic
mAChR signalling through modulation of ACh release.
Altogether, these findings support a model in which
mAChRs contribute to coordinated, compartment-span-
ning signalling events that integrate motoneuronal, glial,
and muscle-derived pathways at the NMJ.

Moreover, we conducted immunohistochemical
labelling and colocalization analyses for SNAP-25 and
Muncl18-1. The results confirmed the presynaptic local-
ization of SNAP-25 and Munc18-1 and underscored their
functional involvement in muscarinic-mediated synaptic
vesicle regulation within motor neuron terminals at the
NM]J during synaptic activity [7-9, 25, 30], reinforcing
the anatomical specificity of the signalling cascade we
describe, referring to the presynaptic nerve terminal. This
is especially important given that biochemical analyses
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(See figure on previous page.)

Fig. 4 Modulation by PIR or MET of M, and M, mAChRs, different isoforms of PKC and its targets Munc18-1 and SNAP-25 protein levels during nerve-
induced muscle contraction. A-D Western blot analysis of protein levels after treatment with presynaptic stimulation and nerve-induced muscle contrac-
tion with PIR —ES+C versus ES+C+PIR— and with MET —ES+C versus ES+C+MET. A M, and M, mAChRs. B PKCB1 and its phosphorylated form p PKCB1
T642. C PKCe and its phosphorylated form pPKCe S729. D Munc18-1 and its phosphorylated form pMunc18-1 S313. E SNAP-25 [30] and its phosphory-
lated form pSNAP-25 S187. Data are expressed relative to experimental control — ES+C (dotted line) (mean +SEM). *p <0.05, **p <0.01, and ***p <0.001
versus the corresponding control. F Graphical representation of the results, effect of PIR and MET during presynaptic stimulation with nerve-induced
muscle contraction on presynaptic PKC isoforms and targets. ES+C, electrical stimulation with muscle contraction; M;/M, mAChR, muscarinic acetylcho-
line receptor M,/M,; PKCB1/PKCe, protein kinase C 31/¢; Munc18-1, mammalian homologue of UNC-18; SNAP-25, synaptosome-associated protein 25;

PIR, Pirenzepine dihydrochloride (M; mAChR selective antagonist); MET, Methoctramine tetrahydrochloride (M, mAChR selective antagonist)

were performed in whole-muscle extracts, which contain
multiple cell types.

M1 mAChR is dependent on M2 mAChR under synaptic
activity

Our findings reveal that the activity of M; mAChR is
dependent on M, mAChR, regardless of the synaptic
condition, while M, operates independently of M,. This
regulatory relationship aligns with previous observations
under basal conditions [9, 30], indicating an endogenous
regulation of M, on M, at the NM]J. This interaction
also provides a molecular explanation for previous find-
ings demonstrating that M, overcomes M, functionally
at this synapse [9, 13]. The downregulation of M, pro-
tein levels by M, may occur through receptor internal-
ization and degradation [62], or via a decrease of PKA/
pCREB-mediated M, synthesis [63]. Furthermore, the
M, mAChR inhibition over M; mAChR at the NM]J could
interact with the synaptic activity downregulation over
M, mACHhR [30], but it is not strong enough to counter
it. These findings suggest that rhythmic stimulation alone
may induce changes in mAChR expression, particularly
a reduction in M, levels, potentially altering synaptic
efficacy over time. This dynamic regulation should be
considered when designing electrophysiological proto-
cols, as it may impact endplate potential recordings and
muscle force measurements during prolonged stimula-
tion. Interestingly, although nerve stimulation reduces
M, receptor expression, this does not result in a com-
pensatory increase in M; receptor levels [30], despite the
proposed inhibitory influence of M, on M, expression
[33]. This suggests that M; receptor regulation is likely
modulated by additional mechanisms beyond M,-medi-
ated signalling, possibly involving activity-dependent
transcriptional control, neurotrophic signalling, or other
intracellular pathways that override this effect [64—66].
Alternatively, changes in M, expression may be tran-
sient or occur post-transcriptionally, and therefore not
detected under our experimental conditions. Addition-
ally, we observed that pharmacological blockade of M,
mAChRs, regardless of the synaptic activity conditions,
results in increased M, protein levels. This indicates that
M, activity is required to maintain its own expression
levels, potentially through an activity-dependent regula-
tion of internalization and degradation [62]. When M;

is inactive, these degradation pathways may be reduced,
leading to the accumulation of M;. In parallel, the PKA/
pCREB-induced synthesis [63] could be continuously
contributing to the sustained increase in M; expression.

Our results reveal a unidirectional regulatory relation-
ship in which M, mAChRs modulate M, receptor expres-
sion and activity at the NM]J, independently of synaptic
stimulation. This cross-talk provides a molecular basis
for the dominant role of M, in cholinergic signalling and
underscores the importance of receptor interaction in
maintaining synaptic balance, ensuring synaptic stability
and preventing overstimulation. The dynamic interplay
between receptor activity, internalization, degradation,
and synthesis underscores the complexity of muscarinic
receptor regulation and suggests that alterations in this
balance could have functional consequences for synaptic
transmission and plasticity. These insights contribute to
a deeper understanding of receptor cross-talk in periph-
eral synapses and may have implications for targeting
mAChRs in neuromuscular disorders or cholinergic
dysfunction.

Presynaptic stimulation regulates muscarinic pathway and
muscarinic-induced PKC-dependent phosphorylation of
Munc18-1 and SNAP-25

Under conditions of presynaptic activity, M; blockade
with pirenzepine (PIR) increased PKCp1 protein amount
without affecting PKCB1 T642 phosphorylation, which
could indicate an increase in the synthesis of PKCB1 and/
or an accumulation of the kinase. Therefore, M; mAChR
downregulates PKCP1 but does not affect the priming of
the kinase that remains unaltered. Several reasons indi-
cate that M; might induce PKCP1 degradation after acti-
vation rather than inhibiting PKCp1 synthesis. First, M,
is associated with the Gq protein and PKC activation,
which leads to PKC activity-dependent degradation [67—
72]. Supporting this, we previously found at the NM]J that
PKCP1 undergoes degradation after phrenic nerve stimu-
lation to potentiate ACh release [2, 53]. Further evidence
indicates that M; mAChR triggers PKCp1 activity and its
turnover through membrane-associated pathways. PKC
downregulation in basal conditions occurs at the mem-
brane fraction [9], consistent with studies showing, in
cell cultures, activity-dependent PKCP1 ubiquitination
and degradation at the membrane [69]. Additionally, M,
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mAChR requires PKCP1 activity to induce phosphory-
lation of Muncl18-1 at S313 under basal conditions [9],
a modification associated with SNARE complex regula-
tion and enhanced neurotransmission [19]. Our current
results extend these findings, showing that M, increases
the nerve-induced pMunc18-1 S313 levels, reinforcing its
role in PKC-dependent modulation of neurotransmitter
release. This is in accordance with a PKC activity-depen-
dent function and subsequent degradation. Together,
these results add to our knowledge the insights about
the mechanism of M, enhancement and regulations of
acetylcholine release at the NMJ [13]. In contrast, total
SNAP-25 protein levels were unaffected by M; mAChR,
while its phosphorylation at S187 was downregulated
upon M, activity. This could indicate that M; may influ-
ence the PKCe pathway, as PKCe is associated with
pSNAP-25 S187 phosphorylation [8]. However, unlike
PKCP1, PKCe protein levels and its phosphorylation
were not altered by M1 blockade. This distinct behaviour
between PKCpB1 and PKCe could occur because PKCe is
less sensitive to activity-dependent degradation. Indeed,
PKCe rate of downregulation is threefold slower than
other PKC isoforms [73].

M, mAChR blockade with MET did not affect PKCp1
expression or phosphorylation, nor Munc18-1 phos-
phorylation, further highlighting the selective relation-
ship between PKCP1 and M, signalling. Therefore, M,
signalling does not affect the classical PKCB1 isoform
priming or levels, nor its catalytic activity on Muncl8-
1. In basal conditions, M, mAChR downregulates PKCe
synthesis, potentially through the inhibition of PKA
activity [33]. During presynaptic activity condition, M2
signalling likewise downregulates total PKCe protein lev-
els without affecting its phosphorylated form and also
reduces pSNAP-25 S187, suggesting that M, modulates
the PKCe—SNAP-25 pathway and indicating that the
decrease in the PKCe total protein levels could affect the
amount of its phosphorylated targets like SNAP-25 [9].

Our findings also suggest that muscarinic receptor
activity could regulate synaptic protein levels, includ-
ing SNAP-25, Muncl8-1, and the receptors themselves,
via three interconnected mechanisms. First, M; and M,
receptors modulate kinase cascades (PKC/PKA), influ-
encing transcription factors such as CREB and altering
protein synthesis [30, 33, 74—76]. Second, receptor inter-
nalisation and trafficking affect both receptor turnover
and the stability of associated protein complexes [77-80].
Third, mAChRs impact the mTOR pathway, which gov-
erns global protein synthesis and degradation [68, 74,
81-88]. Together, these mechanisms provide a flexible
regulatory framework that links synaptic activity to pro-
tein abundance and receptor homeostasis. Interestingly,
M, mAChR activation under presynaptic condition pro-
moted the synthesis of both SNAP-25 and Muncl8-1,
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indicating a broader regulatory role in maintaining pre-
synaptic protein levels. This suggests that M, receptor
function is not limited to modulating neurotransmit-
ter release directly but may also influence the structural
and functional integrity of the presynaptic terminal. In
line with this broader function, Liu and colleagues [89]
reported that inhibition of M, muscarinic receptors in
the medial prefrontal cortex using methoctramine led
to increased levels of both BDNF and mTORC1, which
is involved in the regulation of protein synthesis [90—
94], suggesting that a similar process may operate at the
NM]J. Collectively, these mechanisms may contribute to
the coordinated regulation of synaptic protein synthesis
under conditions of neural activity.

These findings highlight distinct roles for presynaptic-
induced M; and M, mAChRs pathways in modulating
PKC signalling pathways that control the phosphoryla-
tion of key presynaptic proteins involved in neurotrans-
mitter release at the NM]J (Fig. 5). M; mACHhR selectively
regulates PKCB1 and drives activity-dependent phos-
phorylation of Munc18-1, while M, influences PKCe
levels and modulates SNAP-25 phosphorylation. The
differential regulation of PKC isoforms and their tar-
gets underscores a finely tuned muscarinic control over
synaptic machinery, offering mechanistic insight into
how cholinergic signalling dynamically shapes synap-
tic strength. This layered modulation may be critical for
maintaining synaptic efficacy during sustained activity
and could inform therapeutic strategies targeting presyn-
aptic dysfunction in neuromuscular disorders.

Nerve-induced muscle contraction regulates muscarinic
pathway and muscarinic-induced PKC-dependent
phosphorylation of Munc18-1 and SNAP-25

During nerve-induced muscle contraction, M; mAChRs
blockade with pirenzepine (PIR) increased PKC[B1 pro-
tein levels, similar to what we previously observed under
presynaptic stimulation conditions without contrac-
tion, showing that M; mAChRs downregulate PKCf1
levels. This phenomenon was also observed under basal
conditions [33]. These consistent findings support the
hypothesis that M; mAChRs downregulate PKCpB1 levels
across different activity states. Given that TrkB signal-
ling enhances PKCP1 synthesis during muscle contrac-
tion [2], the present data point to a regulatory balance
between TrkB-mediated upregulation and M; mAChR-
mediated downregulation, with TrkB exerting a stronger
influence, considering that the net effect during nerve-
induced muscle contraction is an increase in PKCP1 lev-
els [2]. Conversely, M, blockade with MET did not alter
PKCB1 levels, indicating its expression is independent
of M, mAChR activity. Additionally, pPKCB1 T642 was
also upregulated during nerve-induced muscle contrac-
tion with M; mAChR blockade with PIR. This suggests
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that M; mAChR downregulates the phosphorylation of  via the TrkB pathway outweighs that of M; mAChR. The
PKCPB1 at T642, negatively regulating PKCP1 priming.  blockade of M, during nerve-induced muscle contraction
However, muscle contraction alone also elevates pPKCP1  leads to increased accumulation of pPKCP1 T642, likely
T642 levels [2], confirming that the contraction's effect due to the inhibition of M;-mediated downregulation.
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Notably, this differs from basal conditions, where PIR
reduces pPKCPB1 T642 despite increasing total PKCp1
levels [9] highlighting a specific effect of presynaptic
stimulation on the system.

Phosphorylation of pMunc18-1 at S313 was not altered
by M, or M, blockade during nerve-induced muscle con-
traction, likely due to the balancing effects of contrac-
tion, which has been shown to reduce pMunc18-1 S313
despite nerve stimulation increasing it [7]. Overall, our
previous findings indicated that PKCp1 is essential for
the nerve stimulation-induced increase in Munc18-1
phosphorylation at S313, whereas muscle contraction
contributes to decreased phosphorylation of Munc18-1
at this site. Therefore, we conclude that nerve-induced
muscle contraction balances Munc18-1 phosphorylation
[7], which is not dependent on muscarinic receptor activ-
ity, as evidenced by the lack of changes in pMunc18-1
protein levels when M; and M, are blocked. However,
inhibition of M, mAChR during nerve-induced muscle
contraction resulted in downregulation of Muncl8-1
protein levels without impacting its phosphorylated
form, suggesting that the M, mAChR pathway enhances
Munc18-1 levels like in presynaptic conditions.

Furthermore, during nerve-induced muscle contrac-
tion, M, mAChR downregulates PKCe synthesis, poten-
tially through the inhibition of PKA activity [33]. The
levels of pPKCe S729 increased with PIR treatment and
decreased with MET during concurrent stimulation and
muscle contraction, concluding that M; mAChR down-
regulates and M, mAChR upregulates phosphorylation
of PKCe at S729.

The preservation of SNAP-25 levels, which were down-
regulated during presynaptic activity, in stimulated
muscles undergoing contraction, despite M, blockade,
suggests that contraction-induced retrograde signals
may compensate for the negative regulatory effects of M,
on presynaptic proteins. Neurotrophic factors released
during muscle activity, such as BDNE, are known to
enhance presynaptic function and protein expression
through TrkB-dependent mechanisms [2, 7, 30, 95-99],
which may help maintain SNAP-25 under these condi-
tions. Finally, both M, and M, mAChRs contribute to
the downregulation of pSNAP-25 at S187 during nerve-
induced muscle contraction. Since pSNAP-25 S187 is
mediated by PKCe [8], its reduction may be related to the
influence of M; and M, mAChRs on PKCe activity. Spe-
cifically, M,'s downregulation of pPKCe S729 decreases
its activity and, consequently, the levels of pSNAP-
25 $187. Simultaneously, M, mAChR downregulates
PKCe synthesis while upregulating pPKCe S729. Due
to reduced PKCe synthesis, the available pPKCe S729 is
primarily utilized for pSNAP-25 S187 phosphorylation,
resulting in an overall decrease in pSNAP-25 S187 levels.
Interestingly, our findings reveal a differential muscarinic
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regulation of SNAP-25 phosphorylation at two distinct
residues: S187 and T138, which may reflect functionally
divergent roles in exocytotic control. Phosphorylation
at S187, a canonical PKC target [8, 15, 28, 29], has been
associated with increased SNARE complex assembly and
enhanced vesicle fusion probability, particularly during
sustained synaptic activity or neuromodulatory input
[8]. Consistent with this, all experimental conditions
involving PIR and MET, both with and without muscle
contraction, led to increased pSNAP-25 S187 levels, sup-
porting a convergent mechanism for synaptic facilitation
through this pathway. In contrast, phosphorylation at
T138, mediated by PKA, has been implicated in inhibi-
tory modulation of exocytosis [26, 27, 100]. The lack of
change observed in pSNAP-25 T138 levels with PIR, ver-
sus the significant reduction observed with MET [30],
suggests that M, may decrease neurotransmitter release
[6, 13] not only by downregulating pSNAP-25 S187 lev-
els but also by increasing the inhibitory effect imposed by
pSNAP-25 T138. This dual modulation could represent a
more potent mechanism to control of transmitter release
under conditions of high demand or plasticity. Together,
these observations support the notion that the phos-
phorylation state of SNAP-25 is tightly regulated through
site-specific mechanisms that act in a complementary
and potentially hierarchical manner to maintain synaptic
efficacy and prevent exhaustion.

Our findings reveal that nerve-induced muscle con-
traction impacts M; and M, mAChRs to differentially
regulate PKC isoforms and SNARE-related proteins
(Fig. 6). M; mAChR primarily modulates both PKCp1
pathway with its target Munc18-1 and PKCe pathway
extending effect on its target pSNAP-25 S187, while M,
influences the synthesis of Munc18-1 and synthesis and
regulation of PKCe and its following target — pSNAP-25
S187. During nerve-induced muscle contraction, TrkB
signalling and muscarinic receptor activity converge to
fine-tune PKC activation and SNARE protein modula-
tion, ensuring balanced neurotransmitter release [2, 7].
This coordinated regulation underscores the role of mus-
carinic signalling in maintaining synaptic efficacy under
physiological demand.

Conclusion

We demonstrate that presynaptic stimulation and nerve-
induced muscle contraction differentially regulate M, and
M, mAChRs signalling pathways at the NM]J. Presynap-
tic stimulation selectively downregulates M, expression,
while muscle contraction upregulates both M; and M,
receptors. Despite these contrasting effects, M, activity
remains consistently suppressed by M, signalling in both
conditions, underscoring a dominant regulatory interac-
tion mechanism. In terms of PKC signalling, we found
that M; specifically downregulates PKCp1, whereas M,
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downregulates PKCe in response to both presynaptic
and muscle-derived activity. As the retrograde effect of
nerve-induced muscle contraction, M; downregulates
pPKCP1 T642 and pPKCe S729, while M, promotes the
accumulation of pPKCe S729.

These regulations over the kinases extend to key
downstream effectors, Munc18-1 and SNAP-25, which
collectively regulate synaptic vesicle fusion and neu-
rotransmitter release. The M;-PKCp1 pathway adminis-
trates the phosphorylation of Munc18-1 at S313, thereby
influencing synaptic vesicle fusion, while the M,-PKCe
signalling, modulated by M, activity during the nerve-
induced muscle contraction, downregulates the phos-
phorylation of SNAP-25 at S187 during both pre- and
postsynaptic activities, ultimately affecting neurotrans-
mitter release.

Although our data and previous findings support a
prominent role for the PKC pathway, particularly via M;

and M, muscarinic receptor activation, in the modula-
tion of synaptic function at the NMJ, it is important to
acknowledge that muscarinic signalling involves multiple
intracellular mechanisms. These include, among oth-
ers, PKA activation, phospholipid depletion, ion chan-
nel modulation, and endocannabinoid production [33,
101, 102]. Therefore, the regulation of neurotransmitter
release by muscarinic receptors likely results from the
integrated action of several pathways, rather than being
solely dependent on PKC signalling.

Altogether, our findings uncover a finely tuned molecu-
lar mechanism of the activity-dependent communication
between M, and M, mAChR pathways, highlighting their
role in balancing the optimal process of ACh release,
with M, enhancing ACh release and M, decreasing it.

A summary of the main findings is represented in
Fig. 7.
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