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Abstract: A present review is devoted to the analysis of literature data and results of own research.
Skeletal muscle neuromuscular junction is specialized to trigger the striated muscle fiber contraction
in response to motor neuron activity. The safety factor at the neuromuscular junction strongly
depends on a variety of pre- and postsynaptic factors. The review focuses on the crucial role of
membrane cholesterol to maintain a high efficiency of neuromuscular transmission. Cholesterol
metabolism in the neuromuscular junction, its role in the synaptic vesicle cycle and neurotransmitter
release, endplate electrogenesis, as well as contribution of cholesterol to the synaptogenesis, synaptic
integrity, and motor disorders are discussed.

Keywords: skeletal muscle; neuromuscular transmission; safety factor; cholesterol and lipid rafts;
oxysterols; synaptic vesicle cycle; quantal release; Na,K-ATPase; nicotinic acetylcholine receptor

1. Introduction

Reliable transmission of brain commands through motor nerve to skeletal muscle and physical
activity are required to maintain both motor function and muscle mass and, thus, important to ensure
a healthy life. Skeletal muscle neuromuscular junction (NMJ) represents specialized region where the
axon of a motor neuron establishes synaptic contact with a striated muscle fiber. The efficiency of the
neuromuscular transmission strongly depends on a variety of pre- and postsynaptic factors [1,2].

Proteins that regulate quantal neurotransmitter release are clustered at specialized regions of
the presynaptic membrane, called active zones (AZs). AZs represent highly specific compartments
that contain synaptic vesicles (SVs) and serve as a molecular platform for precise spatial and
temporal control of vesicle fusion and quantal neurotransmitter release [3]. Following release
from the motor nerve terminals, neurotransmitter acetylcholine (ACh) diffuses across the synaptic
cleft; during this travel ACh molecules are partially hydrolyzed by the enzyme acetylcholinesterase
(AChE). The remaining ACh molecules interact with the postsynaptic nicotinic acetylcholine receptors
(nAChRs), which are distributed at very high densities (~10,000/µm2) at the crests of the primary
postsynaptic folds of the adult NMJ [4]. Molecules of ACh released from one SV (a ‘quantum’ of
transmitter) activate approximately two thousands of nAChRs, leading to opening cationic channels
of the nAChRs and a net influx of positive ions. The latter produces a local transient (within
milliseconds) small (~1 mV) depolarization, called the miniature endplate potential (MEPP). MEPPs
occur spontaneously without presynaptic action potential (AP); the frequency of MEPPs reflects
spontaneous neurotransmitter release. Motor neuron activity is translated to firing of APs, which,
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upon arriving to nerve terminals, trigger release of the multiple SVs. As a result, greater levels
of neurotransmitter in synaptic cleft produces more depolarization than MEPP called the endplate
potential (EPP). This local depolarization extends towards the depths of the secondary synaptic folds
where, in turn, the voltage-gated sodium channels are located. The sodium channel’s opening triggers
the AP generation, thereby transforming the local EPP into propagating AP of the muscle fiber.

The fidelity of the neuromuscular transmission will depend on whether the EPP amplitude
exceeds the threshold for muscle AP generation. The EPP amplitude depends on the amount of ACh
quanta released (quantal content) and individual quanta size, AChE activity, the density of the nAChRs
packaging, and the resting membrane potential (RMP). The AP generation threshold (membrane
excitability) also depends on the RMP [5]. The term ‘safety factor’ refers to the ability of neuromuscular
transmission to be effective and is quantified by the ratio of the EPP amplitude to AP generation
threshold [1,2]. In different muscles, depending on their specialization, the value of the safety factor
ranges from 2 to 5, however, it can decrease under various physiological and pathophysiological
conditions such as fatigue, injury or diseases [1,6,7].

A normal segregation of plasma membrane lipid phases is vital to the maintenance of membrane
fluidity, curvature, ion channel, transporter functions, as well as compartmentalization. Importantly,
membrane proteins that encompass about 50% of the cell membrane are often cocrystalized with
membrane cholesterol [8]. Cholesterol’s presence in membranes regulates the function of many
proteins, including transporters, receptors, and ion channels. There are two main ways of how
cholesterol can affect protein properties. First mechanism is through specific binding of cholesterol
with high affinity sites. This may contribute to control of protein conformation and function.
Second mechanism is dependent on the nonspecific physicochemical influence of cholesterol on
membrane fluidity and thicknesses that consequently affects numerous protein-dependent processes.
Distinguishing between mechanisms of cholesterol action can be challenging [8,9].

The basic principles of lipid-protein interactions have still not been completely elucidated.
Cholesterol-associated changes impact membrane fluidity and stiffness, lateral lipid diffusion, protein
mobility, excitability, and a variety of other key functional membrane properties including fusion
and fission. In addition, membrane cholesterol modulates interactions between the lipid bilayer and
ions environment as well as the interplay between plasma membrane and underlying cytoskeleton
suggesting the involvement in mechanotransduction. Cholesterol is also a key molecule in the
formation of lipid rafts known as molecular platform involved in numerous cellular processes like
apoptosis, signaling, and cell differentiation. Little is known, however, about the precise consequences
of changes in membrane cholesterol levels of different cell type. Notably, responses to membrane
cholesterol enrichment or depletion vary depending on cell type and can be very complex and
unpredictable [10–14].

While the essential role of cholesterol for many vital functions is well documented, much less
is known about its role at the NMJ, in particular, in maintaining the safety factor for neuromuscular
transmission. The review focuses on the crucial role of cholesterol to maintain a reliability of
neuromuscular transmission in health and diseases.

2. Cholesterol Production

Cholesterol production is energetically expensive and requires more than 30 enzymatic reactions.
Different cells in nerve system have a different capacity to produce cholesterol. Oligodendrocytes
are characterized by a higher capacity than astrocytes which in turn, had at least 2–3-times higher
ability to cholesterol synthesis than neurons [15]. During nerve system development the intensity
of cholesterol synthesis by different cells undergoes significant changes. Cholesterol production
by oligodendrocytes is responsible for the great increase in cholesterol content at period of active
myelinization with its peak during the first postnatal weeks. After myelinization, synthesis occurs at
low rate in nerve system of adult mammalians [16]. Before glial cell differentiation, a neuron could
cover its own cholesterol requirements by producing cholesterol. In the postnatal period, neuronal
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ability to cholesterol production is strongly reduced and neurons rely on the cholesterol mainly
synthesized in glia [17,18].

Neuronal requirements for cholesterol are extremely high, as it is indispensable for formation
of synaptic membranes [17]. Studies in central and neuromuscular synapses suggest that all steps of
SV cycle (exocytosis, endocytosis and vesicular traffic) could be dependent on cholesterol content in
presynaptic membrane and membrane of SVs [19,20]. The presynaptic part of NMJs is far from the
motor neuron soma, where the main biosynthetic apparatus is located, and this part is adapted to
translate high frequency patterns of motor neuron activity to muscle. To prevent the loss of connectivity,
pre- and postsynaptic compartment are tightly stickled by extracellular matrix and presynaptic part is
covered by Schwann cell. Accordingly, mechanism of cholesterol delivery to neurons and maintenance
of cholesterol steady state level in synapse should be crucial for neurotransmission, especially in
presynaptic compartment of NMJs. The best candidate to provide NMJs with cholesterol is terminal
Schwann cell, which can produce apolipoprotein (particularly, apolipoprotein E) and cholesterol
containing particles. Consistent with this, stimulation of apolipoprotein receptors are important for
the formation, maintenance and regeneration of peripheral NMJs [21,22].

Skeletal muscles comprise approximately 50% of total body weight and contain T-tubule
membranes, enriched with cholesterol. Cholesterol sources for muscle are both local biosynthesis
and uptake from the circulation. The later has a predominant relevance and high-rich diet could lead
to enrichment of muscle fiber membranes with cholesterol [23,24]. However, certain basal level of
local cholesterol production in the skeletal muscle is probably essential as inhibition of cholesterol
synthesis (with statins) caused muscle fatigue and weakness. This may be linked with both the high
requirements of cholesterol for muscle membrane remodeling, and the importance of cholesterol
biosynthesis intermediates (e.g., ubiquinone, dolichol, farnesyl, and geranyl pyrophosphates) [25].
Additionally, skeletal muscle can store cholesterol in the form of cholesterol esters in lipid droplets,
and their accumulation could be accompanied by myopathy [26]. Cholesterol elimination from muscle
membranes theoretically may be linked with muscle activity. Membrane cholesterol is susceptible
to oxidation by reactive oxygen species (ROS) [27] and ROS produced during muscle loading
could oxidize membrane cholesterol, leading to cholesterol elimination in the form of oxysterols.
Oxysterols can activate nuclear liver X receptor in skeletal muscle [28,29] and, thus, trigger increased
cholesterol synthesis and (or) uptake to compensate cholesterol elimination. Therefore, skeletal muscle
cholesterol metabolism probably relies on balance between cholesterol synthesis, consumption, storage,
and elimination.

3. Cholesterol and Quantal Neurotransmission Release

Motor nerve endings are specialized on fast neurotransmitter release in response to arriving
AP. Neurotransmitter molecules are packed into SVs which distributed into cytoplasm near sites of
exocytosis. Small population of SVs is docked at the presynaptic membrane in specialized regions, AZs.
Some of these SVs, consisting of ready releasable pool, are able to fuse with short delay after Ca2+ influx
through voltage-gated Ca2+ channels located within membrane of the AZ. After exocytosis, lipid and
protein components of vesicular membrane are internalized by endocytotic mechanism. Newly formed
endocytotic vesicles may be repeatedly used for neurotransmission after refilling with neurotransmitter.
Thus, synaptic activity is accompanied by SV exo-endocytotic cycles (recycling) [19,30]. These cycles
put several challenges for presynaptic machinery. First, fast and intensive exocytosis and compensatory
endocytosis require changes in membrane curvature and rigidity; second, SV and AZ membranes have
specific protein–lipid composition, which should be maintained, despite fusion of the SVs into the
presynaptic membrane; third, AZ, and surrounding presynaptic membranes (peri-AZ) should have
different properties to allow fast exocytosis and relatively fast endocytosis; forth, during innervation
and reinnervation membrane properties should be different to easily adapt shape of distal axon to
target postsynaptic compartment. Of course, protein-based mechanisms are primary responsible
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for resolving these challenges, but cholesterol as one of the main component of presynaptic vesicle
membranes are involved in maintenance of presynaptic function [31].

Initially, in electron microscopic study it was found that sterol-binding antibiotic filipin did not
form complex with cholesterol in AZs in the frog nerve terminals. At the same time, filipin–sterol
complexes were detected in most axonal areas, including regions of nerve terminals lacking AZ,
and membranes of Schwann cell membranes [32]. Moreover, during degeneration or regeneration,
despite AZ disorganization or presence in primitive form (without normal double row organization)
filipin–sterol complexes were excluded from these membrane sites, while Schwann cells occupied
synaptic gutters displayed high abundance with filipin–sterol complexes [33]. At the same time, more
intensive filipin staining was detected in axons of crayfish, frog, mouse, and rat, suggesting cholesterol
abundance in nerve terminals [34–36]. This cholesterol could organize membrane microdomains, lipid
rafts. Indeed, axonal synaptic membranes of frog, mouse and rat showed a high intensity of staining
with lipid raft markers [35,37–39]. Moreover, acute cholesterol depletion with methyl-β-cyclodextrin
(MβCD) led to decrease a lipid raft labeling [37,39]. All together, these results suggest that the
membrane regions of AZ can have a relatively low cholesterol content, but other regions of the
presynaptic membranes are cholesterol rich and contain lipid rafts, which could organize fence around
AZ. Thus, presynaptic membrane cholesterol could have functional rather than structural meaning for
SVs exocytosis.

It is conceivable that cholesterol within and in close vicinity of exocytotic sites could have a
regulatory role and be kept lower for maintenance of regulation range. In a pioneer study by Zamir
and Charlton [34] it was found that cholesterol depletion blocked evoked neurotransmitter release,
without marked postsynaptic effects. Suppression of evoked neurotransmitter release was linked
with hyperpolarization of presynaptic axon and lack of AP propagation, whereas Ca2+-dependent
exocytosis functioned and spontaneous exocytosis was even enhanced. All these effects were
reversed by cholesterol supplementation. This study points to importance of cholesterol level for
presynaptic transmitter release. Cholesterol depletion suppressed evoked neurotransmitter release,
but increased spontaneous exocytosis in frog and mice NMJs as well as central synapses [40–45].
Thus, cholesterol level could determine the ratio between spontaneous and evoked neurotransmission.
In context of NMJs, it means that lower cholesterol content could lead to decrease safety factor
due to suppressed AP-evoked exocytosis and increased energy expenditure and desensitization of
postsynaptic receptors as a result of upregulated spontaneous neurotransmitter release. Notably,
that enhanced spontaneous exocytosis could facilitate uptake of extracellular macromolecules, as
was shown for botulin neurotoxin A [46]. Speculatively, it may be a part of homeostatic response to
cholesterol depletion, because compensatory endocytosis following by exocytosis could internalize
of cholesterol-containing lipoprotein particles, which are likely main source of cholesterol for motor
nerve terminals.

Several signaling mechanisms could be responsible for increased spontaneous exocytosis after
cholesterol depletion. In frog NMJs, decreased cholesterol content led to increase in NADPH
oxidase-dependent ROS production, which stimulated an increase in cytosolic Ca2+ (probably via TRPV
channels) and, subsequently, calcineurin (phosphatase PP2B) activation, which, in turn, facilitates the
involvement of SVs to spontaneous exocytosis. Under these conditions, increased ROS production
led to marked lipid peroxidation of synaptic membranes [41]. Moreover, activation of protein kinase
C in response to cholesterol depletion can support SV exocytosis in full mode, whereas inhibition
of protein kinase C (but not phospholipase C) converts exocytosis to kiss-and-run mode (when
transmitter release occurs through transient fusion pore) in frog NMJs [42]. Involvement of protein
kinases A and C in the effect of cholesterol depletion on spontaneous neurotransmitter release was
also observed in central synapses [47]. Notably, cholesterol depletion may provoke spontaneous
exocytosis from separate SV pool, which reluctantly participates in evoked neurotransmitter release
in frog NMJs [44]. Thus, presynaptic cholesterol level acting via signaling mechanism can limit both
spontaneous neurotransmitter release and overactivation of protein kinases, phosphatase PP2B as well
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as production of ROS and increase in cytosolic Ca2+. This housekeeping role of membrane cholesterol
in NMJs could maintain neuromuscular transmission and signaling at steady state level.

Molecular study indicates that SV membrane contains very high amount of cholesterol [48].
Decreased cholesterol content in membranes of SVs in Drosophila, frog and rat NMJs as well as central
synapses led to inhibition of SV endocytosis and recycling [36,40,49,50]. Furthermore, in Drosophila
NMJs, cholesterol extraction from SV membranes caused dispersion of SV proteins (synaptotagmin,
VGLUT, and CSP) throughout presynaptic membrane and disturbance of actin polymerization,
suggesting requirement of vesicular cholesterol for maintenance of protein composition of SVs and
regulation of cytoskeleton dynamic [51]. Therefore, vesicular cholesterol is essential for SV endocytosis
and could serve as glue for keeping SV proteins and lipids in one membrane microdomains (lipid rafts),
which are selectively trapped by endocytotic mechanism [35,52]. Along with this, antiganglioside GM1
antibodies (hallmark of Guillain–Barré syndrome leading to acute motor axonal neuropathy), which
recognize components of lipid rafts, are intensively uptaken by motor nerve terminals, counteracting
damage of the nerve terminals [53].

SV exocytosis is a major mechanism of neurotransmitter secretion. However, nonvesicular
(nonquantal) secretion of neurotransmitter also occurs in NMJ and central synapses. The functional
role of this type of ACh secretion is elusive. In rat NMJs, depletion of cholesterol from SV membranes
led to an increase in nonquantal ACh release due to the incorporation of neurotransmitter transporters
(in particular, vesicular ACh transporter) into the presynaptic membrane and enhancement of
ACh/H+ exchange [36]. Thus, cholesterol level in SVs could limit neurotransmitter leakage via
nonquantal release.

4. Effects of Cholesterol Derivatives on Neurotransmitter Release and Synaptic Vesicle Cycle

Cholesterol is oxidized by ROS and specific enzymes to oxysterols, which could modulate multiple
processes, linked with inflammatory reactions and neurodegeneration [19,54,55]. Synaptic transmission
in NMJs of frog and mouse was a high sensitive to different oxysterols and enzymatic cholesterol
oxidation [37–39,56,57]. 24S-hydroxycholesterol (24HC) is a product of cholesterol metabolism,
which is generated specifically in brain and passes across a blood–brain barrier into the circulation.
The levels of 24HC in the circulation are significantly changed at early and (or) advanced stage
of neurodegenerative disease [15,19,54]. 24HC (0.4–4 µM; 1/3 h-application) enhanced synaptic
transmission in mice NMJs due to increase in a rate of SVs recycling. The mechanism of 24HC action
was linked with decreased NO production, likely by endothelial NO synthase [57]. Activity of this
enzyme is dependent on its association with lipid rafts, partially, via caveolin-dependent mechanism.

In an amyotrophic lateral sclerosis (ALS) mouse model carrying a mutant superoxide dismutase
1 (SOD1G93A) 24HC also decreased NO production, but led to an opposite effect on neuromuscular
transmission, because the role of NO is likely reversed in ALS mice as compared to wild type mice.
Increased NO synthesis promoted SV exocytosis during intense activity in SOD1G93A mice, but it
suppressed the exocytosis in wild type mice [39]. Probably, attenuation of NO production was mediated
by increased lipid raft integrity in response to 24HC. Indeed, disturbance of lipid rafts prevented the
effect of 24HC on NO synthesis [39]. However, it is unclear why NO had opposite actions in the ALS
versus wild type mice. It is conceivable that increased mitochondrial ROS production [58] could invert
the effect of NO at the NMJs of SOD1G93A mice. For example, peroxynitrite formed from the reaction
between NO and ROS can promote exocytosis probably due to direct modification of AZ proteins
SNAP-25 and Munc18 [59]; while NO, acting as retrograde messenger, may inhibit neurotransmitter
release due to activation of guanylyl cyclase/cGMP pathway [60] or direct S-nitrosylation of SV
fusion-clamp protein complexin [61].

Another oxysterol, 5α-cholestan-3-one (5Ch3), is produced as an intermediate sterol in the
biosynthetic pathway for cholestanol. The levels of 5Ch3 were increased in Cerebrotendinous
xanthomatosis patients [62], having muscle dysfunction. 5Ch3 (0.2 µM) decreased the amount of
SVs which were actively involved in neurotransmitter release in mouse NMJs. The effect of 5Ch3 was
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linked with decrease in lipid raft integrity and was dependent on membrane cholesterol content [37].
Similarly, 5Ch3 reduced lipid raft integrity and the number of SVs participating in exo- and endocytosis
during synaptic transmission in frog NMJs [38]. In contrast, structurally similar oxysterol olesoxime
(cholest-4-en-3-one, oxime; TRO19622) increased evoked ACh release as well as the number of SVs
involved in exo-endocytosis and the rate of SV recycling. Moreover, olesoxime was able to increase
lipid raft integrity in frog NMJs [38]. Note that olesoxime is potential neuroprotective compound in
models of ALS, multiple sclerosis, Parkinson’s, and Huntington’s disease [63–66]. These data show that
these oxysterols induce marked different changes in neuromuscular transmission which are related
with the alteration in SV cycle and lipid raft behavior.

Similarly, oxidation of endogenous cholesterol by cholesterol oxidase significantly impaired lipid
raft integrity as well as affected mode of SV exocytosis (toward to kiss-and-run mechanism) and
disturbed SV clusterization [56]. The effects of cholesterol oxidase on SV cycle were different from
cholesterol depletion [40], suggesting that oxidative cholesterol derivative (cholest-4-en-3-one) could
mediate action of cholesterol oxidase. Taken together, oxidized cholesterol metabolites could present a
new class of presynaptic neurotransmitter release modulators, which may contribute to adaptation of
muscle activity to current physiological status of organism.

5. Cholesterol and Proteins Involved in Synaptic Vesicle Cycle

Cholesterol-interacting proteins could serve as transducer of changes in local cholesterol level to
presynaptic processes. Cholesterol microdomain can clusterize Ca2+ channels (e.g., N-, L-, and P/Q
types) in the presynaptic membrane of neuronal cells, affecting distance from the channels to the site
of exocytosis and, thus, neurotransmitter release [67–69]. Also, a main Ca2+ sensor—synaptotagmin
1—triggers SV exocytosis and is a lipid raft resident [70]. Studies with cholesterol depletion suggest
that neurotransmitter transporter distribution and (or) their activity in presynaptic terminals could be
dependent on cholesterol availability [36,71–73]. Also a vesicular H+ pump, which creates a proton
gradient for neurotransmitter flux into SV, was also found in cholesterol microdomains and cholesterol
depletion attenuated the H+-ATPase activity [74]. Cholesterol depletion could also suppress SV
swelling mediated by coordinated activity of H+ pump and water channel aquaporin-6 [75]. Several
studies suggested that clusterization of syntaxin, an essential component of exocytotic machinery,
is affected by membrane cholesterol [76] and depolarization of synaptosomal membrane increases
redistribution of syntaxin into lipid raft fraction [77]. Furthermore, cholesterol may be a part of the
fusion pore, connecting lumen of SV with extracellular space, and increasing cholesterol content favors
fusion pore opening [78,79]. This is in agreement with extremely high cholesterol content (40 mol%) in
SVs [48]. Interaction of most abundant SV protein, synaptophysin, with cholesterol could be important
for SV endocytosis [52]. Interestingly, a mutation in DJ-1 (a genetic factor for early-onset autosomal
recessive Parkinson’s disease) impaired SV endocytosis, without inducing structural alteration in
synapses, via a reduction in cholesterol level [80]. In addition, the main SV clustering protein synapsin
can affect cholesterol content in microdomains, promoting lipid raft formation [81].

Thus, changes in cholesterol levels can affect triggering exocytosis by Ca2+ (via Ca2+ channel
and synaptotagmin), SV fusion (syntaxin) and endocytosis (synaptophysin), vesicle refilling with
neurotransmitter (neurotransmitter transporters, H+ pump), and clusterization of SV (synapsin).
Of course, changes in intracellular signaling molecules (e.g., phospholipases, protein kinases, and small
GTPases) could mediate effects of cholesterol on synaptic transmission. Putative cholesterol-dependent
steps in presynaptic vesicular cycle and cholesterol-sensitive proteins are shown in Figure 1 and Table 1.
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Figure 1. Putative role of cholesterol in presynaptic processes. Cholesterol organizes microdomains in 
presynaptic membrane and SVs. Several proteins, essential for presynaptic function, reside in these 
microdomains, and/or directly bind with cholesterol. These interactions are involved in control of multiple 
aspects of SV cycle that guarantees the maintenance of neurotransmitter release. Additionally, numerous 
presynaptic G-protein coupled receptors (GPCRs) and signaling enzymes (e.g., protein kinases and small 
GTPases), as well as a ROS-generating enzyme (NADPH oxidase), which regulates the steps of the SV cycle, 
could be located in cholesterol-rich microdomains. SV exocytosis occurs due to fusion of SVs from 
ready-releasable pool (RRP) with presynaptic membrane in AZ region. Under condition of moderate motor 
nerve activity, replenishment of RRP is mediated by delivery of SVs from recycling pool. After exocytosis, these 
SVs are able to rapidly recover through fast endocytotic mechanism, refill with ACh (green circles), and 
repeatedly participate in neurotransmitter release. Intense activation of motor neuron can led to mobilization of 
SVs from resting (reserve) pool to the exocytotic sites. After massive exocytosis, the resting pool is replenished 
by mainly slow endocytotic route (bulk endocytosis) associated with formation of endosome-like structures in 
NMJs. The cytoskeleton can contribute to spatial organization of both SV pools and routes for SV traffic. Key 
events, where the presence of cholesterol is required, are SV exocytosis (fusion pore formation, Ca2+ triggering 
step), endocytosis (vesicular protein holding in cluster), SV refilling with ACh (formation of proton gradient, 
exchange ACh and proton), SV clusterization (SV interconnections by synapsins), limitation of ACh leakage via 
spontaneous (clamping of signaling enzymes activity and ROS production), and nonquantal (decrease in 
activity of vesicular ACh transporter and H+-pump in presynaptic membrane) secretion. Please, for details, see 
Sections 3 and 5. 

AChE mainly resides in synaptic cleft, but the pool of AChE is located in association with lipid 
rafts through a GPI anchor [82]. Close distribution of raft-linked AChE to plasma membrane 
enriched with the receptors (e.g., M3 muscarinic receptors) could be important for control local 

Figure 1. Putative role of cholesterol in presynaptic processes. Cholesterol organizes microdomains in
presynaptic membrane and SVs. Several proteins, essential for presynaptic function, reside in these
microdomains, and/or directly bind with cholesterol. These interactions are involved in control of
multiple aspects of SV cycle that guarantees the maintenance of neurotransmitter release. Additionally,
numerous presynaptic G-protein coupled receptors (GPCRs) and signaling enzymes (e.g., protein
kinases and small GTPases), as well as a ROS-generating enzyme (NADPH oxidase), which regulates
the steps of the SV cycle, could be located in cholesterol-rich microdomains. SV exocytosis occurs
due to fusion of SVs from ready-releasable pool (RRP) with presynaptic membrane in AZ region.
Under condition of moderate motor nerve activity, replenishment of RRP is mediated by delivery
of SVs from recycling pool. After exocytosis, these SVs are able to rapidly recover through fast
endocytotic mechanism, refill with ACh (green circles), and repeatedly participate in neurotransmitter
release. Intense activation of motor neuron can led to mobilization of SVs from resting (reserve)
pool to the exocytotic sites. After massive exocytosis, the resting pool is replenished by mainly
slow endocytotic route (bulk endocytosis) associated with formation of endosome-like structures
in NMJs. The cytoskeleton can contribute to spatial organization of both SV pools and routes for
SV traffic. Key events, where the presence of cholesterol is required, are SV exocytosis (fusion pore
formation, Ca2+ triggering step), endocytosis (vesicular protein holding in cluster), SV refilling with
ACh (formation of proton gradient, exchange ACh and proton), SV clusterization (SV interconnections
by synapsins), limitation of ACh leakage via spontaneous (clamping of signaling enzymes activity and
ROS production), and nonquantal (decrease in activity of vesicular ACh transporter and H+-pump in
presynaptic membrane) secretion. Please, for details, see Sections 3 and 5.

AChE mainly resides in synaptic cleft, but the pool of AChE is located in association with lipid
rafts through a GPI anchor [82]. Close distribution of raft-linked AChE to plasma membrane enriched
with the receptors (e.g., M3 muscarinic receptors) could be important for control local levels of ACh
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near the receptors [83]. Accordingly, presence of cholesterol-rich microdomains may control sensitivity
of feedback mechanisms which regulate ACh release from nerve terminals. Moreover, cholesterol-rich
microdomains seem to be an important for development of depressant effect of ATP (cotransmitter of
ACh) on neurotransmitter release at the frog NMJ. This effect is realized via P2Y12 receptors and ROS
production by NADPH oxidase and it is reduced and largely delayed by cholesterol depletion [84].
In Drosophila NMJs, lipid rafts are required for presynaptic growth promoting effect of mannosyl
glucosylceramide, which facilitates presynaptic Wnt1/Wingless signaling [85]. Thus, cholesterol
is important component for coordination of receptor-dependent signaling, which regulates both
neurotransmitter release and presynaptic bouton formation.

Table 1. Some potential interactions between cholesterol and proteins involved in regulation of
neurotransmitter release from motor nerve terminals.

Protein Role in Neuromuscular
Transmission

Potential Role of Interaction
with Cholesterol Ref.

P2Y12 receptor Inhibition of ACh release Acceleration of the downstream
receptor signaling [84]

Ca2+ channels (N, L,
P/Q types)

Triggering SV exocytosis in
response to AP

Clusterization of channels near
exocytotic sites, thereby
facilitating exocytosis

[67–69]

NADPH oxidase (ROS
generating enzyme)

Regulation of AP-evoked
and spontaneous ACh

release
Limitation of background activity [41,84]

Proton pump
Formation of H+ gradient

necessary for SV filling with
ACh; regulation of SV size

Regulation of precise location and
potentiation of H+ transport

function
[74,75]

Signaling enzymes
(protein kinases A/C)

Control of neurotransmitter
release

Limitation of background activity
of the protein kinases [42,47]

Synapsin Clusterization of SVs in
pools

Lipid raft organization in SV
membranes [81]

Synaptophysin Regulation of exo- and
endocytosis

Induction of SV curvature during
endocytosis [52]

Synaptotagmin 1 A major Ca2+ sensor for
neurotransmitter release

Location in lipid rafts and precise
distribution in presynaptic

membrane
[51,70]

Syntaxin Component of SNARE
complex mediated SV fusion

Clusterization in membrane;
activity-dependent redistribution

in lipid rafts
[76,77]

Vesicular ACh
transporter

Uptake of ACh into SV,
nonvesicular ACh release

Precise location in SV membranes
and regulation of activity [36]

6. Cholesterol–Na,K-ATPase Interactions

Maintaining a steady state level of the RMP of muscle fibers is essential for the normal
functioning of skeletal muscle. Membrane depolarization leads to a decrease in EPP amplitude,
as well as inactivation of sodium channels and suppression of membrane excitability [1,6]. A smaller
EPP amplitude and higher the AP generation threshold reduce safety factor at the NMJ. Among
different mechanisms involved in maintaining skeletal muscle electrogenesis and contractile function,
the activity of Na,K-ATPase plays a crucial role [86,87]. This transport system, discovered by Dr. J.
Skou [88] (Nobel Prize in Chemistry, 1997), is an ubiquitous transmembrane protein that functions as a
Na,K pump. Na,K-ATPase catalyzes the active transport of K+ into and Na+ out of the cell, thereby
maintaining the steep Na+ and K+ gradients that provide electrical excitability and the driving force
for many other transport processes [86,87,89–91]. Na,K-ATPase is critically important for excitability,
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electrogenesis, and contractility of skeletal muscles, which contain the main pool of the whole body
Na,K-ATPase. The density of the distribution of Na,K-ATPase molecules in the sarcolemma is extremely
high and ranges from 1000 to 3350/µm2 [86].

The influence of cholesterol on transmembrane protein (receptors, ion channels, transporters)
function and properties is well established [8,9,92–94]. The function of Na,K-ATPase is also regulated
by the lipid environment and strongly depends on membrane cholesterol content [93]. This regulation
is realized via direct protein–lipid interactions or by influencing physical properties of the lipid
bilayer [8,93,95].

Na,K-ATPase is composed of α catalytic and β glycoprotein subunits. Four isoforms of the
α subunit are known to exist in tissues of vertebrates. It is generally accepted that the ubiquitous
α1 isoform plays the main housekeeping role while the other isoforms expressing in a cell- and
tissue-specific manner possess additional regulatory functions [89,90,96,97]. In skeletal muscles, the α1
and α2 isoforms of α subunit are coexpressed and the α2 Na,K-ATPase isozyme is predominant in
adult skeletal muscle [98,99]. Distinct isoform-specific functions of Na,K-ATPase α1 and α2 isozyme
in skeletal muscle are proposed [100–104]. The α2 Na,K-ATPase isozyme is specifically regulated
by muscle use and enables working muscles to maintain excitability, contraction and resistance to
fatigue [100–103]. Two main pools of the α2 Na,K-ATPase exist: the majority of α2 isozyme is expressed
in the interior transverse tubule membranes [102], which are highly enriched in sphingomyelin and
cholesterol compared to the surface sarcolemma [24]. The smaller α2 Na,K-ATPase isozyme pool is
localized to the junctional (endplate) membrane [100,103], where cholesterol and lipid rafts serve as a
potential signaling platform for nAChRs clustering [105,106]. Notably, these distinct α2 Na,K-ATPase
membrane pools are regulated differently [103]. Both these α2 Na,K-ATPase membrane pools display
the loss of electrogenic activity in response to hindlimb suspension (HS). However, the extrajunctional
pool depends strongly on muscle disuse, and even the increased protein and mRNA content as well as
enhanced α2 Na,K-ATPase membrane abundance after 12 h of HS cannot counteract this sustained
inhibition. In contrast, additional factors (possibly circulating factors related to HS) may regulate the
junctional α2 Na,K-ATPase pool that is able to recover during HS. Notably, acute, low intensity muscle
workload restores functioning of both pools [103].

Subcellular compartmentalization is one of the basic principles of cellular organization [107,108].
A certain pool of Na,K-ATPase is localized in specialized lipid microdomains of the
membrane—caveolae—where it forms regulatory multimolecular complexes and performs new
functions, in particular, signal transduction [109–113]. As regulators of protein functions in caveolae
and planar rafts may be the lipids themselves, including cholesterol. It was shown that cholesterol
interacts with caveolins, principal components of caveolar membranes. Presumably, the α1 isoform of
Na,K-ATPase contains binding sites for caveolin-1 located near the M1 and M10 transmembrane
domains and interacted with the N-terminus of caveolin-1 [112,114,115]. Notably, caveolin-1 is
involved in regulation of intracellular cholesterol traffic [116]. In experiments on cell lines, it has
been shown that α1 Na,K-ATPase, through interaction with caveolin-1, participates in the distribution
of cholesterol between intracellular membranes and the plasma membrane. On the one hand, the
impaired expression of α1 Na,K-ATPase affects the formation of caveolae, cholesterol synthesis, and its
traffic [117]. On the other hand, cholesterol itself is involved in the regulation of Na,K-ATPase. Thus,
the reduction of cholesterol level in the plasma membrane stimulates endocytosis and degradation of
α1 Na,K-ATPase via Src- and ubiquitin-dependent regulatory pathways [118]. The data obtained on
the cell lines suggest the possibility of mutual regulation between cholesterol and α1 Na,K-ATPase
which is carried out with the participation of caveolin-1.

In skeletal muscle, MβCD-induced partial membrane cholesterol removal selectively decreases
the α2 Na,K-ATPase isozyme electrogenic activity without changing the α1 isozyme activity [119].
A similar specific dysfunction of the α2 Na,K-ATPase isozyme is also observed under the conditions of
partial loss of membrane cholesterol in response to skeletal muscle motor unloading (disuse) [120].
Conversely, specific inhibition of the α2 Na,K-ATPase activity by ouabain induces a disturbance of lipid
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rafts due to partial cholesterol loss [120]. Collectively, these findings, obtained in alive skeletal muscles,
suggest the reciprocal interactions between membrane cholesterol and the α2 Na,K-ATPase activity.
It is important to note that the listed changes were most pronounced in the junctional membrane
region [119,120].

While the molecular mechanisms of Na,K-ATPase regulation by surrounding lipids is being
studied [93,95,121], little is known on how α2 Na,K-ATPase may regulate lipid raft stability.
For example, this regulation may be mediated by α2 Na,K-ATPase ouabain receptor site. Notably,
ouabain inhibits Na,K-ATPase transport by stabilizing the enzyme in an E2 conformation. Three specific
lipid/Na,K-ATPase interactions are proposed that either stabilize the protein or stimulate/inhibit
Na,K-ATPase activity, with separate binding sites and distinct kinetic mechanisms. Both stimulatory
and inhibitory lipid interactions poise the conformational equilibrium toward the E2 state [121].
Altogether, these findings lead us to propose that reciprocal interactions between cholesterol and α2
Na,K-ATPase is more favored in the E2 enzyme conformation.

Regulation of α2 Na,K-ATPase is also specifically determined by its less stable integration into
the lipid membrane compared with other α subunit isoforms. When studying Na,K-ATPase using
Pichia pastoris yeast as an expression system, lipids, including cholesterol, have been shown to play an
important role in stabilizing the Na,K-ATPase in the plasma membrane, and in an isoform-specific
manner. Thus, a number of altering factors (heating, the use of detergents) predominantly affect
the stability of insertion of the α2 Na,K-ATPase into the membrane compared to the α1 and α3
isoforms [122]. It is assumed that the relatively lower stability of the α2 isoform is due to the
peculiarities of its transmembrane domains M8, M9, and M10, which are responsible for interaction
with phospholipids, as well as weaker association with protein FXYD1 (phospholemman, an auxiliary
regulatory subunit of the Na,K-ATPase) [123].

In sum, in skeletal muscle, the α1 Na,K-ATPase isozyme is functionally more stable compared
with the α2 isozyme, whose adaptive plasticity is determined by specific localization and regulation of
different enzyme pools and functional interactions with molecular environment including cholesterol.

7. Cholesterol–nAChR Interactions

Localization of neurotransmitter receptors in lipid microdomains and their interaction with
cholesterol play an important role in the synaptic function and its plasticity, as well as in the
development of a number of neurodegenerative diseases [54,124–126]. One of the important effects
of the lipid environment is a change in receptor kinetics and their affinity for specific ligands. These
changes can be explained both by the modulating effect of cholesterol due to its direct interaction with
receptors, and by changing the properties of the membrane lipid bilayer [92,127–129].

nAChRs, as well as Na,K-ATPase, are integral membrane proteins that play key roles in membrane
excitation. Role of cholesterol in the endplate membrane integrity is poorly understood due to deficit
of ex vivo and in vivo studies. Both cholesterol and the nAChRs are localized at the junctional
region (Figure 2A) and lipid rafts serve as a signaling platform for nAChRs clustering [105,106].
Previous investigations have demonstrated a direct molecular interaction between cholesterol and the
nAChRs [92,130–132]. Surrounding lipids influence nAChRs kinetic mechanisms and cholesterol is
critical for the channel function [129].
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Figure 2. Cholesterol as a part of nAChR/α2Na,K-ATPase multimolecular regulatory complex. (A) The
nAChRs and lipid rafts reside at the endplate region. A single endplate of rat soleus muscle was
dual-labeled with α-BTX (nAChRs, red channel) and fluorescent cholera toxin B subunit to stain lipid
rafts (CTxB, green channel). Overlap (orange channel). (B) The nAChR and the α2 Na,K-ATPase
colocalization at the muscle endplate. A single endplate of mouse extensor digitorum longus
muscle was dual-labeled with α-BTX (nAChRs, red channel) and BODIPY-conjugated ouabain (α2
Na,K-ATPase, green channel). Overlap (orange channel). Scale bars, 10 µm. (C) Hypothetical scheme of
nAChR/α2Na,K-ATPase/Caveolin-3/Cholesterol interactions stimulating electrogenic active transport
to hyperpolarize the resting membrane potential (RMP). Modified from Petrov et al. (2017) ref. [120]
(A) and Heiny et al. (2010) ref. [100] (B).

Cell studies suggest that peripheral membrane proteins, like rapsyn, contribute to organization
of nAChRs cluster (prototype of postsynaptic nAChRs cluster) and cholesterol rich-microdomains
are required for intracellular sorting and targeting of the nAChRs and rapsyn into the plasma
membranes [133,134]. Also, lipid rafts and cholesterol content could be essential in the initial clustering
and later stabilization of nAChRs clusters and organization signaling complex, including nAChRs,
rapsyn, MuSK, and Src-family kinases [106,135,136]. Lipid rafts may regulate nAChRs clustering
by facilitating the agrin/MuSK signaling and the interaction between the nAChRs and rapsyn;
conversely, membrane cholesterol depletion inhibits nAChRs cluster formation [105]. Also, membrane
cholesterol depletion disturbs the sarcolemma distribution of β-dystroglycan and its interaction with
dystrophin [137], a key protein of the endplate integrity. Cholesterol stabilized nAChRs cluster
in denervated muscle and could trigger maturation of nerve sprout-elicited nAChRs cluster into
a “pretzel” shape [90]. An actin polymerization-dependent mechanism could facilitate lipid raft
coalescence and thereby the formation of large nAChRs clusters [138].

Prolonged nerve activity and other conditions such as myopathy led to membrane depolarization.
This depolarization causes inactivation of the sodium channels (localized at the bottom of postsynaptic
folds), which plays an essential role in the loss of muscle fiber excitability [5]. The reduction of
the excitability is most severe for the junctional region of the sarcolemma, where the local EPP is
transformed into propagating AP.

Membrane depolarization increases the threshold of muscle AP generation and reduces the
safety factor of neuromuscular transmission; hyperpolarization has the opposite effects [2]. In this
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regard, the fact that the junctional membrane of mammals is hyperpolarized by 2–4 mV compared
to the extrajunctional region of the sarcolemma is especially important. Presumably, this local
hyperpolarization resulted from the activation of Na,K-ATPase by nonhydrolyzed ACh, which is
constantly present in the synaptic cleft in nanomolar concentration even with active AChE [139,140].
This residual ACh remains in the synaptic cleft for some time following quantal transmitter release,
and also appears due to nonquantal ACh release. The physiological consequence of a local
junctional membrane hyperpolarization is expected to be more effective muscle excitation and
neuromuscular transmission.

A regulatory mechanism whereby nAChR and α2 Na,K-ATPase functionally and molecularly
interact to modulate the RMP of skeletal muscle was identified [96,100,141]. The nAChR/Na,K-ATPase
reciprocal interactions were demonstrated in a purified membrane preparation from Torpedo californica,
enriched by nAChRs and Na,K-ATPase [100,141]. In this preparation, specific ligand binding to the
nAChRs modulates specific ligand binding to the Na,K-ATPase and vice versa, suggesting the direct
molecular interaction between these two proteins. Notably, similar reciprocal interaction between
nAChR of neuronal type and Na,K-ATPase was further confirmed in an insect nervous system [142].

Moreover, the α2 Na,K-ATPase isozyme is enriched in junctional membrane region where it
colocalizes with the nAChRs (Figure 2B). These proteins coimmunoprecipitate with each other, as well
as with phospholemman (FXYD1 protein) and caveolin-3 [100]. Caveolin-3 is enriched at the junctional
region where it co-localized with the nAChRs and promotes their clustering in the endplate membrane.
The α subunit of the nAChR has a putative caveolin-binding motif and a lack of caveolin-3 inhibits
nAChR clustering [143]. Also, the caveolin/Na,K-ATPase interactions are well-documented [112,114].
Since caveolin-3 is associated with caveolae in fully differentiated skeletal muscles [144], the nAChR/α2
Na,K-ATPase interaction likely takes place within caveolae [100].

In this interaction, the binding of ACh at nanomolar concentrations to the nAChRs
stimulates electrogenic transport by the α2 Na,K-ATPase isozyme, causing a local junctional
membrane hyperpolarization. Notably, the nAChRs oscillate between resting (micromolar affinity
for ACh), open or desensitized (nonconducting state with nanomolar apparent affinity for ACh)
conformations [145,146]. Micromolar concentrations of ACh promote channel opening following by
spontaneous transitions into the desensitized state. Desensitization of the nAChRs can also occur
without channel opening and is favored by prolonged exposure to low concentrations of agonist.
Moreover, a number of facts suggest that it is the conformational change to desensitized state of the
nAChRs that is responsible for the interaction with the α2 Na,K-ATPase [96,100]. Cholesterol and
other lipids influence the rates of transitions between different nAChRs conformational states and
a “conformational selection” model proposed that cholesterol modulate the equilibrium between
resting and desensitized states [129]. In addition, sarcolemma cholesterol specifically contributes
to maintaining endplate electrogenesis and cholesterol depletion by MβCD selectively decreases
the α2 Na,K-ATPase isozyme electrogenic activity and eliminates local hyperpolarization [119]
suggesting the involvement of cholesterol in formation and function of the nAChR/α2 Na,K-ATPase
molecular complex.

Collectively, these findings suggest a mechanism by which the nAChRs in a nonconducting,
desensitized state, with high apparent affinity for ACh, directly interacts with the α2 Na,K-ATPase
to stimulate electrogenic active transport. The interaction utilizes a membrane-associated regulatory
complex that includes the nAChR, the α2 Na,K-ATPase, FXYD1, caveolin-3 and cholesterol and is
responsible for maintaining RMP and muscle excitability during intensive muscle use (Figure 2C).

8. Cholesterol and Motor Dysfunction

Physical exercise is extremely important to ensure a healthy life and, particularly, is essential
for lipids metabolism [147]. While the impact of cholesterol and lipid rafts in pathogenesis of
neurodegenerative disorders is well documented [54,124–126] much less is known about the role
of cholesterol in neuromuscular disorders.
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ALS is known to have a severe dysfunction of NMJs. Hence, ALS mouse model is an extensively
studied model for NMJ diseases. The progression of ALS could be attributed to the alterations
in cholesterol metabolism. High levels of plasma cholesterol and low density lipoprotein have
neuroprotective effects in ALS patients, whereas inhibition of cholesterol synthesis with statins
aggravates ALS progression [148–150]. Excess cholesterol could facilitate production of oxysterols
which are ligands for liver X receptors (LXR). These receptors are expressed in skeletal muscles and
the number of NMJs reduces in LXRβ-deficient mice [151]. Moreover, ablation of LXRβ led to an
ALS-like pathology [152,153] and polymorphism of LXRs significantly affects ALS phenotype [154].
Stimulation of LXRs by oxysterols may decrease inflammation, increase antioxidant defense and affect
lipid metabolism, thereby reducing the muscle damage [29]. However, certain oxysterols can have toxic
effects. Notably, the plasma levels of 25HC were markedly increased in ALS patients and correlated
with the disease severity [155]. One of the main sources of 25HC is mast cells and macrophages that
may come into contact with degenerating NMJs, thereby accelerating axonopathy in the SOD1G93A

rats [156]. Lipid raft alterations can contribute to ALS progression. Decrease in lipid raft scaffold
protein caveolin-1 was found in skeletal muscle of SOD1G93A mice [157]. Additionally, omics analysis
suggested that changes in abundance of numerous protein-residents of lipid rafts occur in spinal cord
of ALS model mice [158]. In diaphragm, staining with lipid raft marker showed the presence of two
populations of NMJs in SOD1G93A mice containing less and more lipid rafts [39]. This may reflect the
co-occurrence of opposite processes: a progressive NMJ dysfunction and a compensatory enhancement
of synaptic function in the remaining NMJs.

The latest data indicate the leading role of motor activity in maintaining the level of membrane
cholesterol. Recently, it has been shown that increased plasma lipid levels exacerbate muscle pathology
in the mdx mouse model of Duchenne muscular dystrophy [159]. Another neuromuscular disorder
is dysferlinopathy, induced by a deficiency of dysferlin protein. Dysferlin plays a key role in the
multimolecular complex responsible for the repair of the integrity of sarcolemma during contractile
activity. Dysferlin-deficient Bla/J mice (one of the models of dysferlinopathy) are also characterized
by impaired lipid metabolism [160]. Notably, both mdx and Bla/J mice models are characterized
by membrane depolarization resulting from lowered Na,K-ATPase electrogenic activity [6,161].
Dysferlin is a membrane-associated protein implicated in vesicle fusion, trafficking, and membrane
resealing. Loss of dysferlin has a wide range of implications, such as decrease in membrane integrity,
disturbances of the dynamics of membrane-associated molecules, Ca2+ dysregulation, Ca2+-induced
proteolysis, and oxidative stress [162,163]. Together, these processes contribute to increased levels of
necrosis and inflammation and result in the loss of motility. Furthermore, dysferlin-deficient muscles
demonstrated an impaired glucose and lipid metabolism. Progressive adipocyte replacement and
accumulation of lipid droplets within dysferlin-deficient myofibers [160] as well as extramyocellular
lipid deposition [164,165] were observed. New evidence suggests that plasma membrane cholesterol
accumulation in mice fed on a western high-fat diet may contribute by damaging the cortical
F-actin structure that is essential for insulin-regulated GLUT4 translocation and glucose transport.
It was interesting to note that exercise training has a preventive effect [166]. Also, elevated plasma
cholesterol levels correlated with muscular pathology and can aggravate muscle fiber damage in
dysferlinopathies [167]. In sum, such lipid abnormalities accompanied by fundamental metabolic
disturbance suggest additional progressive decline of muscle function in dysferlinopathies.

Another muscular protein whose function could be linked with cholesterol availability is a
member of the synaptophysin family, Mitsugumin 29, which contains cholesterol-binding MARVEL
domain. Mitsugumin 29 is specifically located in the triad junction of muscle fibers and important
for T-tubule formation, efficient excitation–contraction coupling, Ca2+ signaling, and resistance to
fatigue [168–170]. Decreased expression of Mitsugumin 29 which leads to disturbance of triad junction
structure and Ca2+ signaling could be partially linked with contractile dysfunction during muscle
aging [171]. Similarly, cholesterol depletion affecting T-tubules reduced L-type Ca2+ current in freshly
isolated fetal skeletal muscle cells [172]. Interestingly, a low-frequency coding variant in the gene
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encoding Mitsugumin 29 was associated with morbid obesity, suggesting a link between Mitsugumin
29 and lipid metabolism [173].

NMJ ultrastructure undergoes continual morphological remodeling in response to changes in
the pattern of motor activity. Reduced activity (denervation, injury, bed rest and other form of
disuse, microgravity at spaceflight, muscle diseases, and aging) triggers alterations in NMJ stability
and integrity [174–176]. Even acute disuse (6–12 h of HS) disrupts plasma membrane lipid-ordered
rafts in sarcolemma of rat soleus muscle [120]. This disturbance is accompanied by membrane
depolarization due to loss of the α2 Na,K-ATPase electrogenic activity [103,177]. The greatest
disturbances are observed at the junctional membrane region [103]. Moreover, specific inhibition
of α2 Na,K-ATPase by 1 µM ouabain induces a disturbance of lipid rafts similar to that induced by
disuse alone [120]. In both cases, lipid rafts were able to recover with cholesterol supplementation,
suggesting that disturbance results from cholesterol loss. Repetitive nerve stimulation also restored
both α2 Na,K-ATPase electrogenic activity and lipid rafts integrity. These findings suggest that the
stability of lipid rafts is subject to regulation by skeletal muscle motor activity [120]. Intriguingly,
important role of sphingolipids (including ceramide) in regulation of skeletal muscle function in health
and disease is known [178] and it was shown that acute HS-induced cholesterol loss is accompanied
by ceramide accumulation [179]. These reciprocal ceramide/cholesterol changes may reflect the ability
of an excess of ceramide to displace cholesterol from sarcolemma [180].

Notably, adenosine monophosphate-activated protein kinase (AMPK) is an energy-sensing
enzyme that is known to be a key regulator of glucose, lipid, and protein metabolism in skeletal
muscle [181]. Particularly, AMPK has been implicated in control of sarcolemma cholesterol
levels [166,182]. In addition, AMPK and AMPK-activated autophagy have been implicated in NMJ
remodeling [183–185]. Lowered contractile activity should provide an accumulation of phosphorylated
high-energy phosphates. Consistent with this, decreased phosphorylation of AMPK during 6–24 h of
HS was demonstrated in rat soleus muscle [186–188].

These results provide evidence to suggest that the ordering of lipid rafts strongly depends on
motor nerve input and may involve interactions with the α2 Na,K-ATPase and AMPK. Lipid raft
disturbance, accompanied by the loss of α2 Na,K-ATPase activity and decreased phosphorylation
of AMPK, are among the earliest remodeling events induced by skeletal muscle disuse. However,
we should note that the effects of prolonged immobilization or unloading regarding skeletal muscle
membrane remain poorly understood. Continuous membrane stretch can modulate the activity
of channels and hence the dynamics of a variety of molecules incorporated into the lipid bilayer.
Accordingly, stretch-induced lipid stress may trigger membrane remodeling including changes in
cholesterol distribution. Thus, the question of whether membrane cholesterol disturbance results from
muscle inactivity per se, or mediated by sarcolemma stretching, remains open.

9. Conclusions

Cholesterol, as important component of cell membranes, plays a crucial role in segregation of
plasma membrane lipid phases and is essential to maintain membrane fluidity, curvature, ion channel
and transporter functions, compartmentalization, and signaling. Cholesterol is specifically important
for synaptic function, and a link between impaired cholesterol metabolism and neurodegenerative
disorders is well recognized. However, much less is known about the role of cholesterol in peripheral
neuromuscular transmission and corresponding disorders. Our review is the first attempt to
summarize known experimental data on the role of cholesterol and its derivatives in the NMJ in
health and some motor dysfunctions. Accumulated novel date indicates that cholesterol is included
in all key pre- and postsynaptic processes on which the safety factor at the NMJ depends. Moreover,
an imbalance of cholesterol homeostasis accompanied by membrane cholesterol changes can modulates
these steps and disruption of lipid rafts is an early event in the disuse-induced muscle atrophy.
Possible cholesterol-dependent steps, essential for maintaining safety factor for the neuromuscular
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transmission, are summarized in Figure 3. Future studies will be required to identify the precise
molecular interactions between cholesterol and skeletal muscle motor activity.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 15 of 25 
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α-BTX rhodamine-conjugated α-bungarotoxin
ACh acetylcholine
AChE acetylcholinesterase
ALS amyotrophic lateral sclerosis
AMPK 5′ adenosine monophosphate-activated protein kinase
AP action potential
ATP adenosine triphosphate
AZs active zones
5Ch3 5α-cholestan-3-one
CSP cysteine string protein
CTxB cholera toxin B subunit
EPP endplate potential
GPCRs G-protein coupled receptors
24HC 24S-hydroxycholesterol
HS hindlimb suspension
LXR liver X receptor
MβCD methyl-β-cyclodextrin
MEPP miniature endplate potential
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nAChR nicotinic acetylcholine receptor
NADPH nicotinamide adenine dinucleotide phosphate
NMJ neuromuscular junction
RMP resting membrane potential
ROS reactive oxygen species
SOD1G93A superoxide dismutase 1
SV synaptic vesicle
VGLUT vesicular glutamate transporter
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