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ABSTRACT The review focuses on the modern concepts of the functions of muscarinic cholinoreceptors in 
skeletal muscles, particularly, in neuromuscular contacts, and that of the signaling pathways associated 
with the activation of various subtypes of muscarinic receptors in the skeletal muscles of cold-blooded and 
warm-blooded animals. Despite the long history of research into the involvement of muscarinic receptors in 
the modulation of neuromuscular transmission, many aspects of such regulation and the associated intra-
cellular mechanisms remain unclear. Now it is obvious that the functions of muscarinic receptors in skeletal 
muscle are not limited to the autoregulation of neurosecretion from motor nerve endings but also extend to 
the development and morphological rearrangements of the synaptic apparatus, coordinating them with the 
degree of activity. The review discusses various approaches to the study of the functions of muscarinic recep-
tors in motor synapses, as well as the problems arising when interpreting experimental data. The final part 
of the review is devoted to an analysis of some of the intracellular mechanisms and signaling pathways that 
mediate the effects of muscarinic agents on neuromuscular transmission.
KEYWORDS skeletal muscle, neuromuscular junction, acetylcholine, muscarinic cholinoreceptor, autoregula-
tion.
ABBREVIATIONS ACh – acetylcholine; mAChR – muscarinic cholinoreceptor; NMJ – neuromuscular junction; 
EPP – endplate potential.
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INTRODUCTION
Acetylcholine (ACh) is one of the main neurotrans-
mitters and modulators of the nervous system. ACh 
receptors – nicotinic (ionotropic) and muscarinic (me-
tabotropic) ones – are expressed in a variety of tis-
sues, from neuromuscular junctions and the parasym-
pathetic nervous system to the cortical areas involved 
in cognitive functions such as learning and memory. 
Cholinergic agents, including allosteric modulators, 
are actively used in the treatment of various pathol-
ogies [1–3].

The first studies that demonstrated the involve-
ment of muscarinic cholinergic receptors (mAChRs) 
in the regulation of neuromuscular transmission go 
back to the 1960s [4, 5]. By now, all the five known 
mAChR subtypes (M1–M5) have been found in the 
vertebrate neuromuscular contacts, and the signal-

ing pathways triggered by the activation of these 
receptors are multiple, complex, and often inter-
related.

The exact location of different mAChR subtypes in 
skeletal muscles is not entirely clear: some of these 
receptors can apparently be located not only on nerve 
endings, but also on the sarcolemma and Schwann 
cells [6–8]. Multiple signaling pathways are associated 
with the activation of different mAChR subtypes in 
the vertebrate skeletal muscles: some of them alter 
the concentration of intracellular Ca2+ by regulating 
its release from intracellular depots or modifying the 
functions of the calcium channels modulating, either 
directly or indirectly, the neurosecretion process (e.g., 
via enhancement of free radical production). Other 
mechanisms involve direct impact on the vesicle exo-
cytosis machinery; e.g., via the regulation of protein 



REVIEWS

VOL. 15 № 4 (59) 2023 | ACTA NATURAE | 45

kinase A activity, phosphorylation of SNAP-25 pro-
tein, etc.

It is known today that the functions of mAChRs in 
the regulation of neuromuscular transmission are not 
confined to the control of neurosecretion intensity. A 
number of studies have revealed that these receptors 
are involved in the regulation of the timing of ACh 
release [9–11]. Muscarinic receptors, and the odd sub-
types in particular, can reside on the sarcolemma and 
regulate the contractile activity of muscle fibers, as it 
has been shown for M5 mAChRs [12], or participate 
in the control of the resting membrane potential [13]. 
Relatively recently, the role of various mAChR sub-
types in maintaining synaptic stability, growth, and 
development of motor synapses has been revealed [7]. 
That is, these receptors ensure the functionality of 
a tripartite synapse (nerve ending – muscle fiber – 
Schwann cell) and coordinate the development and 
morphological features of the synaptic machine with 
its activity level.

This review attempts to summarize the currently 
known data on the localization of mAChRs in ver-
tebrate skeletal muscles, the effects of muscarinic 
agents on synaptic transmission parameters, and the 
signaling pathways coupled with the activation of dif-
ferent subtypes of mAChRs in the neuromuscular 
contacts.

PHARMACOLOGICAL AND GENETIC APPROACHES 
TO STUDYING THE mAChR FUNCTIONS
Five mAChR subtypes (M1–M5) are distinguished 
depending on the localization, molecular structure, 
nucleotide sequence, and functions. The conserved 
structure of the mAChR subtypes is the reason for 
the poor selectivity of most of the muscarinic agonists 
and antagonists used for pharmacological studies and 
the difficulties arising when interpreting the experi-
mental data [2, 14]. Currently, the only highly selec-
tive mAChR antagonists available are the “muscarinic 
toxins” isolated from the mamba venom [15].

Allosteric modulations are another pharmacologi-
cal approach to the study of muscarinic functions [16]. 
Muscarinic receptor subtypes exhibit high structural 
homology in the transmembrane domains where the 
orthosteric binding site is located, but the extramem-
brane domains are less conserved. Targeted synthesis 
of compounds that bind specifically to the allosteric 
domains makes it possible to achieve a highly advan-
tageous selectivity in binding that is otherwise impos-
sible with orthosteric ligands [17–19].

Recently, animals with mutations in the genes en-
coding various subtypes of these receptors have wit-
nessed expanded use, in addition to the pharmaco-
logical analysis, in the study of the functional role of 

mAChRs both in the whole organism and in individ-
ual cells. Thus, it has been found that in rats Rattus 
norvegicus, genes encoding various mAChR subtypes 
reside on chromosomes1 (M1 subtype), 3 (M4 and M5 
subtypes), 4 (M2 subtype), and 17 (M3 subtype) [20]. 
These data have made it possible to develop congen-
ic and consomic animal strains that can be used to 
study the functions of different mAChR subtypes [20, 
21]. Research into the synaptic transmission (includ-
ing in peripheral synapses) in animals with mutations 
in genes encoding different mAChRs have shed light 
on the physiological role of different mAChR sub-
types. Various cognitive and behavioral abnormalities, 
as well as changes in the morphology of synaptic con-
tacts and in the pharmacological effects of cholinergic 
agents, have been observed in animals with mutations 
in mAChRs, viable and fertile [1, 21–23].

LOCALIZATION OF mAChRs IN SKELETAL MUSCLES
In the area of vertebrate neuromuscular contacts 
(NMJs), mAChRs can reside both on the membrane 
of nerve endings and the sarcolemma, as well as on 
Schwann cells [6–8]. These cholinoreceptors can be 
activated by vesicular ACh released from nerve end-
ings either spontaneously (asynchronously) or syn-
chronously during nervous activity, as well as by 
non-quantal ACh, which makes up a very significant 
part of the neurotransmitter in the synaptic contact 
area [13, 24, 25]. The presence of muscarinic recep-
tors, and those of M1 subtype in particular, on the 
sarcolemma of the rat diaphragm was reported in [8]. 
Megan Wright et al. [7] showed that in mouse LAL 
muscle, M2 receptors are present exclusively in mo-
tor neurons, whereas M1, M3, and M5 mAChRs can 
be associated with Schwann cells and/or muscle fib-
ers. Meanwhile, the presence of functional M1–M4 
mAChRs was demonstrated by RT-PCR for a culture 
of Schwann cells obtained from the phrenic nerve 
of newborn rats, and the M2 subtype was predomi-
nant [26]. At the same time, the M4 mAChRs were ex-
pressed in the culture of Schwann cells at a very low 
level and the M5 subtype was not detected at all; sim-
ilar results were obtained later for human Schwann 
cells [27].

M1–M4 mAChRs subtypes were shown to be pres-
ent and functioning in the area of rat neuromuscular 
contact at all stages of postnatal ontogenesis [28, 29].

All the five mAChR subtypes were also discov-
ered in the NMJs of cold-blooded animals. The pres-
ence and functional activity of M1–M5 subtypes were 
demonstrated by combining the immunohistochem-
istry and microelectrode recording of the endplate 
potentials (EPPs) in the synaptic area of the frog 
m. cutaneous pectoris [11]. The different effects of 
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muscarine in these NMJs could be associated with the 
heterogeneous localization of mAChRs, in particular, 
those of M3 subtype: some of these receptors can re-
side at the nerve ending and be activated by a small 
amount of the agonist, while the remaining part can 
be located at some distance from the secretion zone 
(e.g., on Schwann cells or on the sarcolemma). These 
remote receptors can be activated at high levels of 
secretion only or by an exogenous non-hydrolysable 
agonist such as muscarine or carbachol. The pres-
ence of mAChRs on perisynaptic Schwann cells in 
the frog NMJs is indirectly evidenced by the musca-
rine-induced increase in intracellular Ca2+ ions in this 
compartment of the neuromuscular contact [30]. The 
scheme of ACh secretion regulation triggered by M3 
subtype mAChRs residing on the sarcolemma was 
proposed for the lizard motor synapses, involving the 
synthesis of endocannabinoids, and 2-AG in particular, 
from muscle membrane lipids [6].

The heterogeneous localization of mAChRs in the 
NMJ may partly explain the multiple and often am-
biguous effects of muscarinic agents on the neuro-
muscular transmission.

FUNCTIONAL ROLE OF mAChRs IN SKELETAL MUSCLE
The possibility of autoregulation of ACh release from 
motor nerve endings on the feedback principle was 
first shown for nicotinic cholinoreceptors back in the 
1960s. The muscarinic regulation was discovered lat-
er [4–5, 31].

Most of the early studies of neuromuscular trans-
mission pointed to the facilitation of neurosecretion 
upon activation of nicotinic receptors, whereas the 
muscarinic receptors were believed to play the role 
of inhibitor of the ACh quantal release [31–33]. The 
discovery of different mAChR subtypes (including 
those that can facilitate neurosecretion) in the inner-
vated areas of skeletal muscles, as well as the am-
biguous results of studies performed under different 
experimental conditions, forced a rethink of this pos-
tulate [7, 34–36]. Thus, it was shown that methoctra-
mine, the blocker of M2/M4 mAChRs, increases the 
EPP quantal content in the rat NMJ at a physiologi-
cally relevant Ca2+ level but inhibits the ACh release 
under reduced Ca2+ conditions (or when the amount 
of ACh in the synaptic cleft is diminished by adding 
the exogeneous cholinesterase) [36]. One may assume 
that it is the increased activation of mAChRs, partic-
ularly of the M1 and M2 subtypes, that induces the 
alteration of the EPP quantal content upon the inhi-
bition of synaptic acetylcholinesterase [35]. Although 
the experiments performed at reduced ambient Ca2+ 
do not unequivocally apportion the physiological role 
of mAChRs in the synapse, they demonstrate the pos-

sibility of switching from one signaling pathway to 
another and allow one to highlight the effects of the 
activation of certain mAChRs associated with the al-
teration of the intracellular Ca2+ level (and, therefore, 
manifest themselves more obviously when the Ca2+ 
level is initially lower).

The difference in the intensity of muscarinic ef-
fects on the spontaneous and evoked secretion in frog 
neuromuscular synapses at reduced and physiologi-
cally relevant Ca2+ was noted in a number of stud-
ies [11, 37]. Under reduced Ca2+ conditions, selective 
blockers of M1, M2/M4, and M3 mAChRs reduced the 
quantal release of ACh. At a “physiological” Ca2+ level, 
some muscarinic agents influenced the ACh quan-
tal release only at a high-frequency pattern of mo-
tor nerve stimulation. Partially, this may happen due 
to time-delayed processes developing in motor nerve 
endings upon mAChRs activation. This assumption 
was indirectly confirmed by the estimation of the Ca2+ 
transient in the nerve ending; that is, the integral sig-
nal reflecting the Ca2+ metabolism in the cell over a 
fairly long period of time (several tens of ms) after 
the action potential arrival. In these experiments, acti-
vation of M2 mAChR in frog motor nerve endings led 
to a small but significant decrease in the amplitude of 
the Ca2+ transient [38].

In addition to the regulation of the amount of 
ACh secreted from the nerve endings, activation 
of mAChRs may also lead to changes in the timing of 
the release process. Along with the EPP quantal con-
tent, the timing of transmitter release is a factor en-
suring synaptic plasticity [39, 40]. The degree of syn-
chrony of neurosecretion in the NMJ depends on a 
number of factors such as temperature, the pattern 
of motor nerve firing, and the presence of physiologi-
cally active agents [40–42]. In frog motor synapses, 
inactivation of the M2 mAChRs not only modulates 
the EPP quantal content, but also desynchronizes 
the ACh release process [11, 43]. Further studies into 
muscarinic regulation of the timing of ACh secretion 
were conducted using animals with mutations in the 
genes encoding different subtypes of mAChRs [44]. 
M2 mAChR knockout mutants demonstrated, in con-
trast to wild-type mice, greater sensitivity to the ex-
perimental modifications of the Ca2+ level in the cy-
toplasm (variation of [Ca2+] in the bathing solution, 
addition of calcium buffers, etc.). In mutant mice, not 
only did these manipulations lead to changes in the 
EPP quantal content, but they also altered the timing 
of ACh secretion.

M1 receptors may also be involved in controling 
the timing of ACh secretion [10, 45]. However, in frog 
NMJs, the involvement of these receptors in the regu-
lation of secretion synchrony was obvious only under 
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conditions of high-frequency stimulation of the motor 
nerve. The blockade of these mAChRs prevented any 
increase in the duration of the EPP rise time which, 
in the case of unchanging temporal parameters of 
uniquantal EPPs, could be regarded as indirect evi-
dence of a shift in the synchrony of the ACh quanta 
secretion [10].

The synthesis of positive and negative allosteric 
modulators of M5 mAChR (compounds VU-023842 
and ML-375 [17, 46]) allowed one to better under-
stand the physiological role of M5 mAChRs in skeletal 
muscles. So, at positive modulation of M5 mAChR, 
the EPP quantal content and EPP rise time increased, 
whereas the synaptic depression (serial EPP ampli-
tudes rundown) caused by high-frequency nerve fir-
ing was deepened [12].

The effects of mAChR activation or inactivation on 
motor synapses are not limited to the regulation of 
the quantal ACh secretion. In the presence of the pos-
itive M5 mAChR modulator, compound VU-0238429, 
the strength of muscle contractions decreased, both 
during indirect and direct stimulation. This obser-
vation supports the postsynaptic localization of M5 
mAChRs and the possibility of direct regulation of 
muscle contractility by ACh [12]. The mechanisms 
driving such regulation of muscle properties remain 
unclear. For example, it was shown that the activation 
of all mAChRs expressed in a mouse fibroblast cell 
culture (NIH 3T3) can inhibit L-type Ca2+ channels 
via protein kinase C activation [47]. The question of 
co-localization of M5 receptors with Ca2+ channels in 
skeletal muscles and the possibility of their functional 
regulation remains open.

It was suggested that activation of M1 mAChR on 
the sarcolemma by ACh (presumably of non-quantal 
origin) protects skeletal muscle fibers from early post-
denervation depolarization [13]. That is, M1 mAChR 
can mediate trophic, non-impulse regulation of the 
resting membrane potential in skeletal muscles. In the 
absence of nerve stimulation, endogenous activation 
of the M1 mAChR was detected, modulating the non-
quantal release of ACh from the nerve ending, and 
these receptors apparently resided on muscle fibers; 
that is, the control of non-quantal secretion could be 
retrograde [48].

A number of studies have demonstrated the in-
volvement of mAChRs in the structural rearrange-
ments in the synapses. Thus, mAChRs located on the 
perisynaptic Schwann cell regulate the activity of the 
glial fibrillary acidic protein (GFAP), which maintains 
the cell shape and is involved in the regulation of cell 
proliferation and synaptic plasticity. This regulation is 
mediated via the alteration of [Ca2+]i in perisynaptic 
Schwann cells. It is assumed that M2 mAChR in the 

Schwann cells of warm-blooded animals is involved 
in the control of the proliferation, differentiation, and 
myelination of these cells [30, 49, 50]. In neuromus-
cular preparations of newborn rats, muscarinic au-
toreceptors of the M1, M2 and M4 subtypes can par-
ticipate in the differentiation of “strong” and “weak” 
synapses in the case of polyinnervation of muscle fi-
bers at early stages of synaptogenesis [51, 52].

The role of various mAChR subtypes in the main-
tenance of synaptic stability, growth, and development 
of mice motor synapses was studied in detail using 
pharmacological and genetic analysis [7]. Blockade of 
all five mAChR subtypes with atropine (subcutane-
ous injections for 7 days) had a pronounced effect, 
including the disappearance of some nerve endings 
and the spontaneous sprouting of others, as well as 
muscle atrophy. Blockade of only M2/M4 mAChR sub-
types with methoctramine caused changes at the level 
of nerve endings, but it did not affect the muscle fi-
bers. Injections of the M3 mAChR blocker 4-DAMP 
caused complete elimination of nerve endings, but 
it did not affect the Schwann cells. Similar morpho-
logical changes were observed in genetically modified 
mice: М2-/- mutants were characterized by instability 
of nerve endings (elimination of nerve terminals ac-
companied by spontaneous sprouting), while M5 mus-
carinic receptor knockout mice were characterized 
by a small size of motor synapses and muscle fiber 
atrophy.

Thus, different mAChR subtypes ensure the func-
tionality of the tripartite synapse (nerve ending – 
muscle fiber – Schwann cell) and coordinate the 
development and morphological properties of the syn-
apse with its activity.

SIGNALING PATHWAYS ASSOCIATED WITH 
mAChR ACTIVATION IN THE NMJ
Muscarinic cholinoreceptors can activate numer-
ous signaling pathways in the neuromuscular junc-
tion. The classical concept of neuromodulation me-
diated through odd (M1, M3, M5) and even (M2, M4) 
mAChR subtypes divides the signaling pathways as-
sociated with these subtypes into the activation of 
Gq and Gi/o proteins. Traditionally, the facilitation of 
ACh secretion, mediated through the activation of 
“odd” mAChRs, has been associated with the acti-
vation of phospholipase C, leading to the synthesis 
of inositol-4,5-trisphosphate (IP3) and diacylglycerol 
(DAG) [53]. IP3 increases the secretion intensity by 
releasing Ca2+ from intracellular stores, and DAG can 
have a direct effect on the proteins of the exocytotic 
machinery. Regulation of the activity  of protein ki-
nase A through changes in the level of cAMP upon 
activation of Gi/o proteins leads to the modulation of 
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Ca2+ channels, proteins of exocytotic machinery, and 
also controls the process of ACh loading into vesicles 
[54–57]. However, recent studies have shown that in 
the mouse NMJs, the M1 and M2 mAChR subtypes 
can use the same targets downstream of G protein 
activation [58]; that is, there is a reciprocal relation-
ship between M1 and M2 mAChRs, which is imple-
mented through the protein kinase A anchoring pro-
tein. Some effects associated with the activation of 
M2 mAChRs are observed only when the M1 recep-
tors are active (e.g., reduced activity of the catalyt-
ic subunits of protein kinase A and elevated activ-
ity of regulatory subunits). Other changes may be 
caused by additional activation of M1 receptors (e.g., 
an increase in the level of the regulatory protein RIIβ 
and its release into the cytosol). Moreover, mAChRs 
may share the same signaling pathways with recep-
tors for other neurotransmitters. For example, it has 
been shown that in rat NMJs, presynaptic adenosine 
A2 and muscarinic M1-receptors facilitate neurose-
cretion, and that these receptors share the same in-
tracellular signaling pathway [59, 60]. Competition 
between receptors can occur through signal conver-
gence to a common link via the activation of protein 
kinase A and Ca2+ entry through L-type Ca2+ chan-
nels. Later, it was shown that endogenous adenosine 
released during rhythmic nerve activity is involved 
in the fine-tuning of the presynaptic activity of M1 
and M2 mAChRs [61]. The prevalence of autofacili-
tation associated with M1 mAChRs during rhythmic 
nerve stimulation occurs due to the accumulation of 
endogenous adenosine in the synapse area, which 
acts on A1 receptors and attenuates the effects asso-
ciated with the activation of the M2 mAChRs. A sim-
ilar phenomenon — the absence of any effect of M2 
mAChR activation on spontaneous ACh secretion in 
frog synapses in response to the action of adeno-
sine — was observed in frog synapses [62].

In the lizard NMJs, mAChR activation led to 
a two-phase modulation of neurosecretion: short-term 
(< 12 min) activation of M3 receptors by muscarine 
reduced the quantal release of ACh, while the longer 
term activation of M1 receptors, on the contrary, in-
creased it, and both of these effects depended on the 
level of nitric oxide in the synaptic contact area [63]. 
The severity of the effects associated with the stimu-
lation of M1 receptors was dependent on the cAMP 
level and protein kinase A activity. The decline in 
EPP quantal content upon activation of M3 receptors 
residing on the muscle cell is mediated via the rise 
of the synthesis of endocannabinoids, probably 2-AG 
[6]. In the synaptic cleft, endocannabinoids bind to 
the CB1-type receptors on presynaptic nerve endings, 
thus restricting Ca2+ entry and leading to a decrease 

in ACh. Moreover, at least one link in this regulatory 
chain requires the production of nitric oxide (either in 
muscles or in Schwann cells).

It is worth noting that in the study performed in 
frog NMJs [64], activation of M3 mAChRs also re-
duced the EPP quantal content; however, this sup-
pression of ACh secretion was associated solely with 
the activation of NO synthase and an increase in the 
nitric oxide level: it  did not involve endocannabinoid 
production. This fact, however, does not rule out the 
presence and functional role of CB1 type cannabinoid 
receptors in the motor synapses of frog. The activity 
of NO synthase may be elevated due to an increase 
in the [Ca2+]i upon activation of the Gq proteins asso-
ciated with the M3 mAChR subtype. It is interesting 
to note that inhibition of phosphoinositide 3-kinase 
(PI3K) by wortmannin prevented the restoration of 
the original level of secretion after muscarine had 
been removed from the bathing solution; that is, the 
application of muscarine led to an imbalance between 
the synthesis of membrane phospholipids and their 
breakdown, which apparently could affect the prop-
erties of a number of signaling molecules associated 
with membranes and involved in the regulation of 
exocytosis.

Another mechanism of muscarinic regulation of 
ACh secretion in motor synapses is associated with 
the activity of G-protein-gated K+ channels (GIRK 
channels). The activation of GIRK channels by Gi pro-
teins usually leads to hyperpolarization of the cell and 
reduces its excitability. One of the metabotropic re-
ceptors coupled to Gi proteins is the M2 mAChR sub-
type. Studies involving the fluorescent label FluxOR™ 
made it possible to visualize the opening of K+ chan-
nels upon activation of M2 mAChR in frog skeletal 
muscle [65]. These experiments directly showed that 
GIRK channels are functionally active in frog motor 
synapses and that they are coupled to M2 mAChRs. 
An analysis of EPPs and MEPPs recorded in the 
presence of an activator (ML-297) and a blocker (ter-
tiapin-Q) of GIRK channels has revealed that these 
channels demonstrate an ambivalent behavior in frog 
NMJs. Depending on the level of extracellular Ca2+, 
M2 mAChRs can either inhibit or increase the lev-
el of evoked ACh secretion in frog NMJs [11]. One 
can conjecture that extracellular Ca2+ can serve as a 
switch between the stimulatory and inhibitory func-
tions of M2 mAChRs; that is, that these receptors can 
both activate and inhibit GIRK channels, differential-
ly modulating the evoked neurotransmitter release. 
The next link in this signaling circuit downstream the 
GIRK channel is the L-type Ca2+ channel. It is sug-
gested that the suppression (due to hyperpolarization) 
of the asynchronous (spontaneous) activity of these 
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Ca2+ channels during interstimulus intervals can en-
sure that they successfully fire in response to the ac-
tion potential.

Another signaling pathway associated with M2 
mAChRs in the NMJs of both cold-blooded and 
warm-blooded animals is associated with the tonic 
block of the exocytotic machinery upon activation of 
these receptors and its elimination upon depolariza-
tion of the motor nerve ending [66]. It has been sug-
gested that at rest, M2 mAChRs have an increased 
affinity for ACh and, when activated, switch the exo-
cytotic machinery to the state of tonic block. When 
the presynaptic membrane is depolarized, the affin-
ity of M2 mAChRs for ACh decreases, the ACh mol-
ecules dissociate, and the proteins of the exocytotic 
machinery can then interact with Ca2+, which ulti-
mately leads to ACh release. Later, the dependence 
of the ACh dissociation constant on the resting mem-
brane potential for M2 mAChRs was demonstrated 
directly on oocytes by K+ currents recording through 
GIRK channels and by assessing the degree of bind-
ing and unbinding of labeled ACh [67]. Using the 
“uncaged” carbachol, it was shown that in the case 
of rapid (within several ms) release of cholinomi-
metic in the area of a motor synapse, blockade of 
M2 mAChRs leads to a significant, dose-dependent 
decrease in the quantal release of ACh in wild-type 
mice, while in M2 (-/-) mutants carbachol has no ef-
fect on the intensity of secretion. This can be in-
terpreted as the involvement of M2 mAChRs in the 
earliest phase of secretion, within a few ms after de-
polarization of the nerve ending [68].

In rat Schwann cells, M2 receptors, in addition to 
the canonical pathway associated with the Gi protein, 
also activate non-canonical pathways, including the 
PI3K/AKT/mTOR signaling pathway, which can mod-
ulate the proliferation and migration of these glial 
cells [50].

COMPARISON OF SIGNALING PATHWAYS 
ASSOCIATED WITH mAChR ACTIVATION 
AT CENTRAL AND MOTOR SYNAPSES
As a part of this review, it was interesting to compare 
some signaling pathways associated with mAChRs in 
motor and central synapses.

In the CNS, mAChRs are located in various brain 
regions innervated by cholinergic neurons, both on 
postsynaptic and presynaptic membranes, as well as 
in glial cells. mAChRs are involved in a variety of 
processes such as learning, concentration of atten-
tion, regulation of sleep-wake cycle, motor control, 
and others. mAChR activation is associated with ef-
fects such as postsynaptic excitation, postsynaptic in-
hibition, and presynaptic autoinhibition [69, 70].

One of the mechanisms responsible for postsyn-
aptic excitation is the inhibition of the voltage-gated 
K+ channels (M-channels) associated with M1/M3/M5 
subtypes, as a result of the activation of phospholi-
pase C. M channels include some members of the Kv7 
subfamily: mainly Kv7.2 and Kv7.3 [71, 72]. To stabi-
lize them in the open state, a given density of phos-
phatidylinositol 4, 5-bisphosphate (PIP2) in the cell 
membrane is required [73, 74]. Rapid hydrolysis of 
PIP2 by phospholipase C leads to the inactivation of 
the K+ channel, which causes depolarization and en-
hanced excitability of the cell. This mechanism was 
first encountered in sympathetic neurons, but it is 
also typical of some central neurons (e.g., hippocam-
pal pyramidal neurons, cortical pyramidal neurons). 
M channels are usually concentrated in the axon’s ini-
tial segment, where they control the action potential 
threshold. An additional excitation mechanism associ-
ated with the activation of odd-numbered mAChRs 
and depletion of membrane lipids is the inhibition of 
some other K+ channels; for example, Ca2+-dependent 
K+ channels or leak K+ channels [75-78].

M channels (Kv7.2, Kv7.3 and Kv7.4) were found in 
striated muscles [79, 80]; they are credited with the 
role of regulators of skeletal muscle differentiation 
and maintenance of muscle tone [81–83]. Considering 
the presence of odd-numbered mAChRs on the sar-
colemma, their possible co-localization with Kv7 chan-
nels and modulation of K+ channels functioning seems 
a very plausible idea that could explain some of the 
effects of muscarinic agents on muscles.

Postsynaptic inhibition occurs in the central ner-
vous system as a result of the activation of inward 
rectifying K+ channels (GIRK channels) associated 
with the M2 mAChRs. This mechanism was first dis-
covered in sympathetic and parasympathetic neurons 
[84], and later similar M2-mediated effects of ACh 
were detected in some central neurons [70, 85–87]. 
The slow inhibitory postsynaptic potential is a delayed 
hyperpolarization starting approximately 50 ms after 
the “nicotinic” EPP. This hyperpolarization closely re-
sembles the myocardial response to vagal stimulation 
and results from the activation of the Gi-protein K+ 
inward rectifier channels (mainly Kir3.1 and Kir3.2) fol-
lowing the activation of the M2 mAChRs. Coupling 
of M2 mAChRs with GIRK channels was shown for 
the neuromuscular synapse [65]. In motor synapses, 
GIRK channels are localized on the presynaptic mem-
brane; it turns out that they can not only reduce cell 
excitability, but, under certain conditions, also facili-
tate ACh secretion due to the suppression of “calcium 
noise” during rest intervals. At vertebrate motor syn-
apses, this signaling pathway is involved in the auto-
regulation of neurosecretion.
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As for autoregulation in the CNS, here presynap-
tic inhibition (autoinhibition) is typically associated 
with direct inactivation of voltage-dependent Ca2+ 
channels coupled with M2/M4 receptors. In sympa-
thetic neurons, these two mAChR subtypes and their 
related Gi and Go proteins and effector channels can 
form the functional microdomains or signalosomes 
[88], possibly with the participation of some auxiliary 
proteins [89].

Every year, new mechanisms responsible for sig-
nal transmission via metabotropic receptors are being 
discovered, and the already known ones are becoming 
more complex due to the identification of additional 
isoforms of the molecules involved in signal transmis-
sion, the recognition of new points of intersection of 
signaling pathways, and the identification of differ-
ences in signal transmission specific to different cells. 
It is traditionally believed that odd receptor subtypes 
(M1, M3 and M5) activate phospholipase C through 
pertussis toxin-insensitive G-proteins of the Gq family, 
and that receptors of the M2 and M4 subtypes regu-
late the activity of adenylate cyclase (using pertussis 
toxin-sensitive G-proteins of the Gi family) without 
PLC stimulation. However, this specificity is not abso-
lute and “even” mAChRs can activate the α-subunit 
of the Gs and Gq/11 proteins, thus triggering numerous 
signaling pathways, depending on the nature and con-
centrations of the agonist [90–92].

NEUROMUSCULAR PATHOLOGIES ASSOCIATED 
WITH IMPAIRED MUSCARINIC REGULATION
An imbalance in the cholinergic system is the ma-
jor cause behind the symptoms in many neurologi-
cal diseases, including Alzheimer’s and Parkinson’s, 
schizophrenia, depression, and bipolar disorder [16]. 
However, there is currently scant data directly con-
necting any diseases with defects in the muscarin-
ic regulation of skeletal muscles, and neuromuscular 
transmission in particular.

Violation of muscarinic adaptation may be one of 
the pathogenetic factors that lead to the development 
of amyotrophic lateral sclerosis. It is known that peri-
synaptic Schwann cells are involved in maintaining 
the stability and normal functioning of motor syn-
apses, and that mAChRs play an important role in the 
implementation of these processes. One of the func-
tions of Schwann cells is rapid removal of axonal de-
bris after damage to peripheral nerve fibers [93]. An 
increase in the phagocytic activity of Schwann cells 
is associated with the expression of galectin-3, and 
the level of mAChR activation is a determining fac-
tor when a Schwann cell switches from the mainte-
nance mode to the repair mode [94]. A mouse model 
of amyotrophic lateral sclerosis (SOD1 strain) exhibits 

increased mAChR activation in Schwann cells during 
the pre-onset stage of the disease [95] and an inabil-
ity to activate galectin-3 during nerve injury [96, 97].

In patients with chronic fatigue syndrome (myalgic 
encephalomyelitis) and Lambert–Eaton myasthenic 
syndrome, the enhanced production of autoantibodies 
to certain mAChR subtypes (M1, M3, M4) was detect-
ed, which is likely to aggravate the severity of some 
symptoms of these diseases, manifested as impaired 
motor activity [98, 99].

CONCLUSION
This review has attempted to summarize the cur-
rently known facts and hypotheses as they relate to 
the functions of muscarinic receptors in the skeletal 
muscles of cold- and warm-blooded animals. Basic 
information and assumptions about the localization, 
consequences of pharmacological and genetic influ-
ences and mAChR-related signaling cascades in the 
NMJ and vertebrate skeletal muscle are presented in 
Table 1 and Figures 1–3.

Today, there is no doubt that all five (M1–M5) cur-
rently known mAChR subtypes are present in verte-
brate skeletal muscles. The signaling pathways associ-
ated with the activation of various mAChR subtypes 
in vertebrate skeletal muscles are diverse, and the 
effects of the activation of these receptors vary in 
duration (from several ms to tens of minutes) and, 
apparently, retain the possibility of “switching” from 
one signaling pathway to another depending on fac-
tors of internal or external nature. Some of these in-
tracellular mechanisms are associated, in one way or 
another, with changes in the level of intracellular Ca2+ 
(by regulating its release from intracellular stores or 
modifying the functions of Ca2+ channels). Other pos-
sible signaling pathways involve a direct effect on the 
exocytotic machinery; for example, through the regu-
lation of protein kinase A activity, phosphorylation of 
the SNAP-25 protein, etc.

The functions of mAChRs in skeletal muscle are 
not limited to the autoregulation of ACh secretion. 
Muscarinic receptors of the M1 and M2 subtypes can 
be involved in the regulation of the timing of ACh re-
lease. Odd-numbered mAChRs can be located on the 
sarcolemma and regulate the contractility of muscle 
fibers or participate in the maintenance of the resting 
membrane potential.

It is worth noting that mAChRs per se are the tar-
gets of various endogenous factors, such as free radi-
cals [100, 101]. In addition, they are voltage-sensitive 
(moreover, in the physiological range of shifts in the 
cell membrane potential) [102–104]. Therefore, we can 
envisage the possibility of a dynamic regulation of 
mAChRs properties at different patterns of synapse 
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Fig. 1. Schematic representation of the localization of M1 subtype muscarinic acetylcholine receptors and the associated 
signaling pathways in the neuromuscular synapse of vertebrates [7, 8, 29, 48, 52, 58]; nAChR, nicotinic acetylcholine 
receptor; PLC, phospholipase C; DAG, diacylglycerol; IP3, inositol triphosphate; PKC, protein kinase C; PKA, protein 
kinase A; A1/2A, adenosine receptor
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Fig. 2. Schematic representation of the localization of M2 and M4 subtypes muscarinic acetylcholine receptors and the 
associated signaling pathways in the neuromuscular synapse of vertebrates [7, 8, 29, 48, 52, 58]; nAChR, nicotinic 
acetylcholine receptor; AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; PKC, protein kinase C; PKA, 
protein kinase A; A1/2A, adenosine receptor; PI3K/AKT/mTOR – the signaling pathway involving phosphatidylinosi-
tol 3-kinase, protein kinase B, and mTOR kinase
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Fig. 3. Schematic representation of the localization of M3 and M5 subtypes muscarinic acetylcholine receptors and 
the associated signaling pathways in the neuromuscular synapse of vertebrates [7, 8, 29, 48, 52, 58]; nChR, nicotinic 
acetylcholine receptor, PLC, phospholipase C, DAG, diacylglycerol, IP3, inositol triphosphate, NO, nitric oxide, ENOS, 
endothelial form of NO synthase, EC, endocannabinoid (presumably 2-AG), CB, endocannabinoid receptor

Table 1. Localization and functions of mAChRs in vertebrate skeletal muscles

Subtype Localization Effects associated with activation Putative signaling pathways

М1

nerve ending
[7, 11, 29];

sarcolemma [8];
Schwann cell [29]

augmentation of EPP quantal content [10, 11, 29, 
31, 63]; regulation of non-quantal ACh release and 

muscle resting membrane potential [8, 13]; differen-
tiation of “strong” and “weak” synapses at the early 

stages of synaptogenesis [51, 52]

activation of phospholipase C, 
[Ca2+]i elevation, regulation of the 
activities of protein kinases A and 

C [52, 58, 63]

М2
nerve ending, 

Schwann cell [7, 29, 
30, 49, 50]

Ca2+-dependent regulation of EPP quantal content 
and the timing of ACh release [11, 29, 34, 43, 44, 65, 
66]; regulation of Schwann cell differentiation and 
proliferation [30, 49, 50]; control of the development 
of motor nerve endings during the ontogenesis [7], 
differentiation of “strong” and “weak” synapses at 

the early stages of synaptogenesis [51, 52]

regulation of cAMP level and pro-
tein kinases A and C activities [52, 
58]; tonic block of the exocytosis 
apparatus [66]; Ca2+-dependent 

regulation of K+ channel (GIRK) 
and L-type Ca2+ channel [65]; PI3K/
AKT/mTOR signaling pathway [50]

М3
nerve ending [29]; 
sarcolemma [63]; 
Schwann cell [29]

Ca2+-dependent regulation of EPP quantal content 
[6, 11, 63, 64]; control of the development of motor 

nerve endings during ontogenesis [7]

activation of phospholipase C, 
elevation of endocannabinoids

and nitric oxide production [6, 63, 
64]

М4 nerve ending [7, 29]; 
Schwann cell [29]

regulation of EPP quantal content [6]; differentia-
tion of “strong” and “weak” synapses at the early 

stages of synaptogenesis [51, 52]
no data 

М5
sarcolemma [7]; 
nerve ending?
Schwann cell?

control of muscle growth and synaptic contact 
formation during the ontogenesis [7], regulation 
of muscle contractility [12]; augmentation of EPP 

quantal content [12]

no data 
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operation (e.g., reduction of the probability of activa-
tion during the generation of an action potential or 
when the NMJ operates in a high-frequency mode).

mAChR ligands, including allosteric modulators, are 
actively used for treating various pathologies, and a 
targeted search for novel, highly selective muscarin-
ic agents as potential therapeutic agents is currently 
underway [1, 2, 16]. The localization of all currently 
known mAChR subtypes in skeletal muscle and the 
diversity of the signaling cascades associated with 

their activation should be taken into account when us-
ing muscarinic agents as medications. 

This work was carried out under the State 
Assignment of the Kazan Institute of Biochemistry 

and Biophysics, Federal Research Center  
of the Kazan Scientific Center of the Russian 

Academy of Sciences.
The authors would like to thank A.R. Yunusova for 

technical assistance with graphical illustrations.

REFERENCES
1. Eglen R.M. // Handb. Exp. Pharmacol. 2012. № 208. 
P. 3–28.

2. Leach K., Simms J., Sexton P.M., Christopoulos A. // 
Handb. Exp. Pharmacol. 2012. № 208. P. 29–48.

3. Matta J.A., Gu S., Davini W.B., Bredt D.S. // Science. 
2021. V. 373. № 6556. P. eabg6539.

4. Hubbard J.I., Wilson D.F. // Experientia. 1970. V. 26. 
№ 11. P. 1234–1235.

5. Adler M., Albuquerque E.X. // J. Pharmacol. Exp. Ther. 
1976. V. 196. № 2. P. 360–372.

6. Newman Z., Malik P., Wu T.-Y., Ochoa C., Watsa 
N., Lindgren C. // Eur. J. Neurosci. 2007. V. 25. № 6. 
P. 1619–1630.

7. Wright M.C., Potluri S., Wang X., Dentcheva E., Gautam 
D., Tessler A., Wess J., Rich M.M., Son Y.-J. // J. Neurosci. 
2009. V. 29. № 47. P. 14942–14955.

8. Malomouzh A.I., Arkhipova S.S., Nikolsky E.E., Vyskočil 
F. // Physiol. Res. 2011. V. 60. № 1. P. 185–188.

9. Slutsky I., Rashkovan G., Parnas H., Parnas I. // J. Neu-
rosci. Off. J. Soc. Neurosci. 2002. V. 22. № 9. P. 3426–3433.

10. Kovyazina I.V., Tsentsevitsky A.N., Nikolsky E.E. // 
Dokl. Biol. Sci. 2015. V. 460. P. 5–7. 

11. Tsentsevitsky A.N., Kovyazina I.V., Nurullin L.F., Nikol-
sky E.E. // Neurosci. Lett. 2017. V. 649. P. 62–69.

12. Kovyazina I.V., Khamidullina A.A., Fedorov N.S., Mal-
omouzh A.I. // J. Evol. Biochem. Phys. 2022. V. 108. № 1. 
P. 98–108.

13. Urazaev A., Naumenko N., Malomough A., Nikolsky E., 
Vyskocil F. // Neurosci. Res. 2000. V. 37. № 4. P. 255–263.

14. Birdsall N.J., Curtis C.A., Eveleigh P., Hulme E.C., Ped-
der E.K., Poyner D., Wheatley M. // Pharmacology. 1988. 
V. 37. Suppl 1. P. 22–31.

15. Servent D., Blanchet G., Mourier G., Marquer C., Mar-
con E., Fruchart-Gaillard C. // Toxicon Off. J. Int. Soc. 
Toxinology. 2011. V. 58. № 6–7. P. 455–463.

16. van der Westhuizen E.T., Choy K.H.C., Valant C., 
McKenzie-Nickson S., Bradley S.J., Tobin A.B., Sexton 
P.M., Christopoulos A. // Front. Pharmacol. 2021. V. 11. 
P. 606656. 

17. Bridges T.M., Kennedy J.P., Hopkins C.R., Conn P.J., 
Lindsley C.W. // Bioorg. Med. Chem. Lett. 2010. V. 20. 
№ 19. P. 5617–5622.

18. Korczynska M., Clark M.J., Valant C., Xu J., Moo E.V., 
Albold S., Weiss D.R., Torosyan H., Huang W., Kruse A.C., 
et al. // Proc. Natl. Acad. Sci. USA. 2018. V. 115. № 10. P. 
E2419–E2428.

19. Zhu L., Rossi M., Cohen A., Pham J., Zheng H., Dat-
taroy D., Mukaibo T., Melvin J.E., Langel J.L., Hattar S., 
et al. // Proc. Natl. Acad. Sci. USA. 2019. V. 116. № 37. 
P. 18684–18690.

20. Tseng J., Erbe C.B., Kwitek A.E., Jacob H.J., Popper P., 
Wackym P.A. // Hear. Res. 2002. V. 174. № 1–2. P. 86–92.

21. Wess J. // Handb. Exp. Pharmacol. 2012. № 208. 
P. 95–117.

22. Tanahashi Y., Komori S., Matsuyama H., Kitazawa T., 
Unno T. // Int. J. Mol. Sci. 2021. V. 22. № 2. P. 926.

23. Svoboda J., Popelikova A., Stuchlik A. // Front. Psychia-
try. 2017. V. 8. P. 215.

24. Grinnell A.D., Gundersen C.B., Meriney S.D., Young 
S.H. // J. Physiol. 1989. V. 419. P. 225–251.

25. Vyskocil F., Malomouzh A.I., Nikolsky E.E. // Physiol. 
Res. 2009. V. 58. № 6. P. 763–784.

26. Loreti S., Vilaró M.T., Visentin S., Rees H., Levey A.I., 
Tata A.M. // J. Neurosci. Res. 2006. V. 84. № 1. P. 97–105.

27. Piovesana R., Faroni A., Tata A.M., Reid A.J. // Int. J. 
Mol. Sci. 2020. V. 21. № 18. P. 6666.

28. Santafé M.M., Salon I., Garcia N., Lanuza M.A., Uchi-
tel O.D., Tomàs J. // Eur. J. Neurosci. 2003. V. 17. № 1. 
P. 119–127.

29. Garcia N., Santafé M.M., Salon I., Lanuza M.A., Tomàs 
J. // Histol. Histopathol. 2005. V. 20. № 3. P. 733–743.

30. Ko C.-P., Robitaille R. // Cold Spring Harb. Perspect. 
Biol. 2015. V. 7. № 10. P. a020503.

31. Re L. // Acta Physiol. Pharmacol. Ther. Latinoam. Orga-
no Asoc. Latinoam. Cienc. Fisiol. Asoc. Latinoam. Farma-
col. 1999. V. 49. № 4. P. 215–223.

32. Wessler I., Halank M., Rasbach J., Kilbinger H. // 
Naunyn. Schmiedebergs Arch. Pharmacol. 1986. V. 334. 
№ 4. P. 365–372.

33. Vizi E.S., Somogyi G.T. // Br. J. Pharmacol. 1989. V. 97. 
№ 1. P. 65–70.

34. Slutsky I., Parnas H., Parnas I. // J. Physiol. 1999. V. 514 
(Pt 3). P. 769–782.

35. Minic J., Molgó J., Karlsson E., Krejci E. // Eur. J. Neu-
rosci. 2002. V. 15. № 3. P. 439–448.



54 | ACTA NATURAE | VOL. 15 № 4 (59) 2023

REVIEWS

36. Santafé M.M., Lanuza M.A., Garcia N., Tomàs M., 
Tomàs J. // Neuroscience. 2007. V. 148. № 2. P. 432–440.

37. Arenson M.S. // Naunyn. Schmiedebergs Arch. Pharma-
col. 1991. V. 343. № 2. P. 128–133.

38. Samigullin D.V., Khaziev E.F., Kovyazina I.V., Bukhar-
aeva E.A., Nikolsky E.E. // Genes Cells. 2014. V. 9. № 3. 
P. 242–247.

39. Nikolsky E.E., Vyskocil F., Bukharaeva E.A., Samigul-
lin D., Magazanik L.G. // J. Physiol. 2004. V. 560 (Pt 1). 
P. 77–88.

40. Bukharaeva E.A., Skorinkin A.I., Samigullin D.V., Pet-
rov A.M. // Biomedicines. 2022. V. 10. № 8. P. 1771.

41. Katz B., Miledi R. // J. Physiol. 1965. V. 181. № 3. 
P. 656–670.

42. Kovyazina I.V., Tsentsevitsky A.N., Nikolsky E.E., 
Bukharaeva E.A. // Eur. J. Neurosci. 2010. V. 32. № 9. 
P. 1480–1489.

43. Slutsky I., Silman I., Parnas I., Parnas H. // J. Physiol. 
2001. V. 536 (Pt 3). P. 717–725.

44. Slutsky I., Wess J., Gomeza J., Dudel J., Parnas I., Par-
nas H. // J. Neurophysiol. 2003. V. 89. № 4. P. 1954–1967.

45. Dudel J. // Eur. J. Neurosci. 2007. V. 26. № 8. 
P. 2160–2168.

46. Berizzi A.E., Gentry P.R., Rueda P., Den Hoedt S., Sex-
ton P.M., Langmead C.J., Christopoulos A. // Mol. Phar-
macol. 2016. V. 90. № 4. P. 427–436.

47. Pemberton K.E., Jones S.V. // Pflugers Arch. 1997. 
V. 433. № 4. P. 505–514.

48. Malomouzh A.I., Mukhtarov M.R., Nikolsky E.E., Vys-
kočil F. // J. Neurochem. 2007. V. 102. № 6. P. 2110–2117.

49. Bélair E.-L., Vallée J., Robitaille R. // J. Physiol. 2010. 
V. 588 (Pt 7). P. 1039–1056.

50. Botticelli E., Salazar Intriago M.S., Piovesana R., Tata 
A.M. // Life Basel Switz. 2022. V. 12. № 2. P. 211.

51. Santafé M.M., Salon I., Garcia N., Lanuza M.A., Uchitel 
O.D., Tomàs J. // Neuroscience. 2004. V. 123. № 1. P. 61–73.

52. Tomàs J., Lanuza M.A., Santafé M.M., Cilleros-Mañé V., 
Just-Borràs L., Balanyà-Segura M., Polishchuk A., Nadal 
L., Tomàs M., Garcia N. // Mol. Neurobiol. 2023. V. 60. 
№ 3. P. 1580–1593.

53. Dencker D., Thomsen M., Wörtwein G., Weikop P., Cui 
Y., Jeon J., Wess J., Fink-Jensen A. // ACS Chem. Neuros-
ci. 2012. V. 3. № 2. P. 80–89.

54. Machado J.D., Morales A., Gomez J.F., Borges R. // Mol. 
Pharmacol. 2001. V. 60. № 3. P. 514–520.

55. Catterall W.A. // Curr. Mol. Pharmacol. 2015. V. 8. № 1. 
P. 12–21.

56. Gaydukov A., Bogacheva P., Tarasova E., Molchanova 
A., Miteva A., Pravdivceva E., Balezina O. // Cells. 2019. 
V. 8. № 7. P. 762.

57. Pallien T., Klussmann E. // Biochem. Soc. Trans. 2020. 
V. 48. № 1. P. 39–49.

58. Cilleros-Mañé V., Just-Borràs L., Tomàs M., Garcia N., 
Tomàs J.M., Lanuza M.A. // FASEB J. 2020. V. 34. № 4. 
P. 4934–4955.

59. Oliveira L., Correia-de-Sá P. // Neurosignals. 2005. V. 14. 
№ 5. P. 262–272.

60. Oliveira L., Timóteo M.A., Correia-de-Sá P. // Eur. J. 
Neurosci. 2002. V. 15. № 11. P. 1728–1736.

61. Oliveira L., Timóteo M.A., Correia-de-Sá P. // Neurosci. 
Lett. 2009. V. 459. № 3. P. 127–131.

62. Shakirzyanova A.V., Bukharaeva E.A., Nikolsky E.E., 
Giniatullin R.A. // Eur. J. Neurosci. 2006. V. 24. № 1. 
P. 105–115.

63. Graves A.R., Lewin K.A., Lindgren C.A. // J. Physiol. 

2004. V. 559 (Pt 2). P. 423–432.
64. Tsentsevitsky A.N., Zakyrjanova G.F., Petrov A.M., 
Kovyazina I.V. // Biochem. Biophys. Res. Commun. 2020. 
V. 524. № 3. P. 589–594.

65. Tsentsevitsky A.N., Khaziev E.F., Kovyazina I.V., Petrov 
A.M. // Neuropharmacology. 2022. V. 209. P. 109021.

66. Parnas H., Slutsky I., Rashkovan G., Silman I., Wess J., 
Parnas I. // J. Neurophysiol. 2005. V. 93. № 6. P. 3257–
3269.

67. Ben Chaim Y., Bochnik S., Parnas I., Parnas H. // PLoS 
One. 2013. V. 8. № 9. P. e74354.

68. Kupchik Y.M., Barchad-Avitzur O., Wess J., Ben-Chaim 
Y., Parnas I., Parnas H. // J. Cell Biol. 2011. V. 192. № 1. 
P. 137–151.

69. Brown D.A. // J. Mol. Neurosci. 2010. V. 41. № 3. 
P. 340–346.

70. Brown D.A. // Neuropharmacology. 2018. V. 136 (Pt C). 
P. 383–400.

71. Petrovic M.M., Nowacki J., Olivo V., Tsaneva-Atanasova 
K., Randall A.D., Mellor J.R. // PLoS One. 2012. V. 7. № 2. 
P. e30402.

72. Gigout S., Jones G.A., Wierschke S., Davies C.H., Wat-
son J.M., Deisz R.A. // BMC Neurosci. 2012. V. 13. P. 42.

73. Fürst O., Mondou B., D’Avanzo N. // Front. Physiol. 2014. 
V. 4. P. 404.

74. Hille B., Dickson E., Kruse M., Falkenburger B. // Prog. 
Mol. Biol. Transl. Sci. 2014. V. 123. P. 219–247.

75. Vaithianathan T., Schneider E.H., Bukiya A.N., Dopico 
A.M. // Adv. Exp. Med. Biol. 2023. V. 1422. P. 217–243.

76. Bista P., Meuth S.G., Kanyshkova T., Cerina M., Paw-
lowski M., Ehling P., Landgraf P., Borsotto M., Heurteaux 
C., Pape H.-C., et al. // Pflugers Arch. 2012. V. 463. № 1. 
P. 89–102.

77. Bista P., Pawlowski M., Cerina M., Ehling P., Leist M., 
Meuth P., Aissaoui A., Borsotto M., Heurteaux C., Decher 
N., et al. // J. Physiol. 2015. V. 593. № 1. P. 127–144.

78. Leist M., Rinné S., Datunashvili M., Aissaoui A., Pape 
H.-C., Decher N., Meuth S.G., Budde T. // J. Physiol. 2017. 
V. 595. № 17. P. 5875–5893.

79. Iannotti F.A., Panza E., Barrese V., Viggiano D., Soldo-
vieri M.V., Taglialatela M. // J. Pharmacol. Exp. Ther. 2010. 
V. 332. № 3. P. 811–820.

80. Iannotti F.A., Barrese V., Formisano L., Miceli F., Tagli-
alatela M. // Mol. Biol. Cell. 2013. V. 24. № 3. P. 274–284.

81. Iannotti F.A., Silvestri C., Mazzarella E., Martella A., 
Calvigioni D., Piscitelli F., Ambrosino P., Petrosino S., 
Czifra G., Bíró T., et al. // Proc. Natl. Acad. Sci. USA. 2014. 
V. 111. № 24. P. E2472–2481.

82. Zagorchev P., Apostolova E., Kokova V., Peychev L. // 
Naunyn. Schmiedebergs Arch. Pharmacol. 2016. V. 389. 
№ 4. P. 439–446.

83. Dupont C., Denman K.S., Hawash A.A., Voss A.A., Rich 
M.M. // Exp. Neurol. 2019. V. 315. P. 52–59.

84. Kuba K., Koketsu K. // Prog. Neurobiol. 1978. V. 11. 
№ 2. P. 77–169.

85. McCormick D.A., Prince D.A. // J. Physiol. 1986. V. 375. 
P. 169–194.

86. Egan T.M., North R.A. // Nature. 1986. V. 319. № 6052. 
P. 405–407.

87. Sugawara S., Nakaya Y., Matsumura S., Hirose K., Saito 
Y., Kaneko R., Kobayashi M. // Neuroscience. 2022. V. 506. 
P. 1–13.

88. Fernández-Fernández J.M., Abogadie F.C., Milligan G., 
Delmas P., Brown D.A. // Eur. J. Neurosci. 2001. V. 14. 
№ 2. P. 283–292.



REVIEWS

VOL. 15 № 4 (59) 2023 | ACTA NATURAE | 55

89. Borroto-Escuela D.O., Romero-Fernandez W., 
García-Negredo G., Correia P.A., Garriga P., Fuxe K., 
Ciruela F. // Cell. Physiol. Biochem. Int. J. Exp. Cell. Phys-
iol. Biochem. Pharmacol. 2011. V. 28. № 5. P. 1009–1022.

90. Ashkenazi A., Winslow J.W., Peralta E.G., Peterson G.L., 
Schimerlik M.I., Capon D.J., Ramachandran J. // Science. 
1987. V. 238. № 4827. P. 672–675.

91. Santiago L., Abrol R. // Int. J. Mol. Sci. 2019. V. 20. 
№ 21. P. 5290.

92. Michal P., El-Fakahany E.E., Dolezal V. // J. Pharmacol. 
Exp. Ther. 2007. V. 320. № 2. P. 607–614.

93. Kang H., Tian L., Mikesh M., Lichtman J.W., Thompson 
W.J. // J. Neurosci. Off. J. Soc. Neurosci. 2014. V. 34. № 18. 
P. 6323–6333.

94. Perez-Gonzalez A.P., Provost F., Rousse I., Piovesana R., 
Benzina O., Darabid H., Lamoureux B., Wang Y.S., Arbour 
D., Robitaille R. // Glia. 2022. V. 70. № 9. P. 1605–1629.

95. Arbour D., Tremblay E., Martineau É., Julien J.-P., Ro-
bitaille R. // J. Neurosci. Off. J. Soc. Neurosci. 2015. V. 35. 
№ 2. P. 688–706.

96. Martineau É., Di Polo A., Vande Velde C., Robitaille R. 
// eLife. 2018. V. 7. P. e41973.

97. Martineau É., Arbour D., Vallée J., Robitaille R. // 
J. Neurosci. Off. J. Soc. Neurosci. 2020. V. 40. № 40. 
P. 7759–7777.

98. Loebel M., Grabowski P., Heidecke H., Bauer S., 
Hanitsch L.G., Wittke K., Meisel C., Reinke P., Volk H.-
D., Fluge Ø., et al. // Brain. Behav. Immun. 2016. V. 52. 
P. 32–39.

99. Suzuki S. // Brain Nerve Shinkei Kenkyu No Shinpo. 
2010. V. 62. № 4. P. 419–426.

100. Moyano P., de Frias M., Lobo M., Anadon M.J., Sola E., 
Pelayo A., Díaz M.J., Frejo M.T., Del Pino J. // Toxicology. 
2018. V. 394. P. 54–62.

101. de Jongh R., Haenen G.R.M.M., van Koeveringe G.A., 
Dambros M., De Mey J.G.R., van Kerrebroeck P.E.V. // 
Neurourol. Urodyn. 2007. V. 26. № 2. P. 302–308.

102. Rinne A., Mobarec J.C., Mahaut-Smith M., Kolb P., 
Bünemann M. // Sci. Signal. 2015. V. 8. № 401. P. ra110.

103. Ben-Chaim Y., Broide C., Parnas H. // PLoS One. 2019. 
V. 14. № 10. P. e0224367.

104. David D., Bentulila Z., Tauber M., Ben-Chaim Y. // Int. 
J. Mol. Sci. 2022. V. 23. № 22. P. 13988.


