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Abstract 

Functional innervation of skeletal muscle cells is required to guarantee muscle 

development and maintenance of trophic homeostasis of muscle mass. Impairments in 

nerve-muscle communication due to disuse, ageing or injuries affect skeletal muscles at 

metabolic, biochemical and structural levels producing alterations in biophysical 

membrane properties, nAChRs distribution, EC coupling mechanism, muscle fiber 

phenotype and release of myokines.  

Electrical pulse stimulation (EPS) mimics nerve activity in inducing muscle cell 

contraction and it has been proposed as a tool to counteract muscle atrophy and to 

enhance muscle strength. Variations in activity of the fiber and in extent of the contraction 

are induced by modifying the parameters of EPS such as intensity, stimulation time 

intervals, pulse duration. Depending on the entity, the muscle contraction leads to a 

dynamic modulation of cellular activity in terms of intracellular Ca2+ changes, subcellular 

structures reorganization, gene transcription and myokine release.  

In rodent skeletal myotubes, tetanic EPS induces two separate Ca2+ signals: a fast one, 

related to contraction and a slow signal related to transcriptional events. In the skeletal 

muscles, changes in the intracellular Ca2+ concentration via Ca2+ release from 

intercellular stores are achieved through the activation of ryanodine receptors (RyR) and 

Inositol-1,4,5-triphosphate receptor (IP3R) channels. The localization of IP3R1s close to 

the endplate zone, nearby the nicotinic acetylcholine receptors (nAChRs) and in the 

subsynaptic areas of neuromuscular junction (NMJ), suggests a role of EPS-mediated 

IP3R1-induced Ca2+ release not only in gene expression regulation, but also in the 

mechanism stabilizing the NMJ apparatus. By using FDB denervated cultures as a cell 

model to reproduce in vitro the denervation effects at the endplate level, we observed a 

direct proportionality between the subsynaptic IP3R1-stained volume and the endplate 

size. Moreover, we demonstrated a significant reduction of the IP3R1-stained volume 

associated with the endplate fragmentation after in vitro denervation.  

The role of electrical activity vs neural trophic factors, such as agrin, in controlling the 

subsynaptic IP3R1-sensitive compartment was also investigated. The addition of agrin 

does not affect the reduction of denervation-induced subsynaptic IP3R1 volumes, 
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whereas a positive electrical activity-dependent regulation of the endplate IP3R1 

distribution was observed. 

Since the expression and distribution of some scaffold proteins are dependent on nerve 

and muscle activity, we also investigated the role of the scaffold protein Homer 2 in the 

stabilization of the NMJ using a transgenic Homer 2-/- mice model. In skeletal muscle 

cells, Homer proteins colocalize with IP3Rs, therefore a IP3R-Homer interaction could be 

responsible for generating local IP3-sensitive Ca2+ signals. Reduced size of NMJ was 

observed in single Homer 2-/- FDB skeletal muscle fibers. Genes involved in controlling 

ubiquitination and ensuing proteolysis, such as MuRF1 and Atrogin-1, appeared 

upregulated in Homer 2-/- rat SOL, as occurs in conditions of atrophy, suggesting a role 

for Homer 2 as co-regulator of the skeletal muscle normo-trophic status. Further 

experiments are needed to better characterize the function of Homer 2 in the NMJ 

stability and in controlling the skeletal muscle trophism via putative nAChR-regulated 

intracellular signaling pathways. 

The endocrine role of the skeletal muscle was also examined focusing on IL-6 release, 

a myokine known to be released upon contraction and to increase at the systemic level 

during exercise. Investigating the role of mechanosensitive Piezo 1 channels in the 

myokine release, we demonstrated that the specific Piezo1 agonist Yoda 1 to mimicked 

the EPS-induced myokine release suggesting that the chemical activation of the 

mechanosensitive channels might represent  a pharmacological tool to promote myokine 

release in a pathophysiological scenario. 

In conclusion, the findings of our research confirm that the EPS is a powerful tool to 

modulate different important aspects of the skeletal muscle physiology and that the 

knowledge of its effects at molecular level could help to improve the benefits of the 

therapeutic electrostimulation in clinics. 
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1. INTRODUCTION 

 

The high birth rate of the first half of the twentieth century and the increase of life 

expectancy in developed countries are responsible for an increase in the number of 

elderly people estimating that, by 2050, most of the world population will have an age 

over 651. However, "living longer" is not always associated with the need to "live better". 

Indeed, a sedentary lifestyle represents one of the main problems of modern society and 

it is responsible for the dramatic growth of overweight and obesity and, in turn, of 

powerful risk factors for serious chronic diseases. According to data from the World 

Health Organization, physical inactivity is the fourth risk factor for mortality globally and 

about 3.2 million people die every year because they are not “active” enough. Lots of 

studies support that a constant physical exercise offers incredible benefits, which 

improve nearly every aspect of our physical and mental health.  

Skeletal muscle converts chemical energy into mechanical energy to produce power, 

maintain posture, allowing respiratory movements, locomotion, and many other precise 

and non-precise body movements. In humans, the skeletal muscles comprise 

approximately 40% of total body weight and contains 50-75% of all body proteins2. 

Recent studies demonstrate their role as the principal reservoirs for amino acids, to 

maintain blood glucose levels during conditions of starvation and to maintain protein 

synthesis in vital tissues and organs, such as brain, skin and heart3. The roles of the 

skeletal muscles include the production of heat for the maintenance of core temperature 

and the consumption of the majority of oxygen used during physical activity. Moreover, 

exercise ameliorates brain functions, protects memory and thinking skills, promotes 

changes in brain structure4, reduces feelings of anxiety and depression5, and increases 

brain sensitivity to some neurotransmitters, such as serotonin and norepinephrine6.  

The adult skeletal muscle are very stable tissues with a low rate of turnover. However, 

they show an enormous plasticity and malleability in response to different physiological 

and pathological conditions. Innervation is fundamental for structural support and 

functional integrity of the skeletal muscles. Damage to nerves or spinal cord, 

neurodegenerative diseases and aging processes lead to denervation of muscle fibers. 

Denervation causes first the atrophy of the muscle, where a loss of function precedes 

loss of structure. With the atrophy becoming more and more severe, sarcomeric 
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organization is lost, and finally, there is a progressive replacement of myofibers with 

adipose and connective tissue. 

The knowledge of the molecular mechanisms involved in the physiopathology of skeletal 

muscle cells is fundamental for the discovery of new therapeutic approaches for 

designing personalized preventive and rehabilitative intervention programs to attenuate 

muscle-related diseases and the age-related progressive impairment in motor function. 

In specific circumstances (muscle diseases, surgery, etc.), the real problem is not so 

much the time to dedicate to the physical exercise but the capability of the patient to 

perform the physical exercise. Because contractility is an essential feature of the muscle 

cells, patients unable to perform physical exercise develop progressive and sever 

defects in skeletal-muscle strength (weakness) and mass (wasting), worsening their 

conditions from a physical and a psychological point of view. To counteract the effects 

of disuse, the electrical stimulation of the muscle has been introduced and it is used for 

rehabilitation purposes. The electrical stimulation has been shown to be effective in 

treating impaired muscles7 preserving muscle-protein synthesis and preventing muscle 

atrophy during prolonged periods of immobilization8. 
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1.1 The skeletal muscle 

The skeletal muscle system is made up of muscles of the locomotor system and some 

organs of the digestive and respiratory systems.  

From a structural point of view, the skeletal muscle is a highly organized tissue containing 

several bundles of multinucleated and post-mitotic muscle cells (even a few hundreds), 

called myofibers or muscle fibers. Externally, each muscle fiber has a thin layer of 

connective tissue, named endomysium; more fibers together form a muscle bundle 

(fascicle), surrounded by a layer of connective tissue, called perimysium; finally, the 

whole muscle is covered by a dense external connective lamina, called epimysium (Fig. 

1).  

 

 

Fig. 1. The skeletal muscle structure. The entire muscle is surrounded by the epimysium, which 

continues as perimysium covering the fascicles, and finally as endomysium which surrounds each 

individual muscle fibers (from Gray and Carter, 1995). 

 

At the intracellular level, each muscle fiber presents thousands of myofibrils, which in 

turn contains billions of myofilaments, all oriented according to the longitudinal axis of 

the fiber and organized in a characteristic pattern named sarcomere, which represents 

the basic cellular unit of the muscle fiber9. Each sarcomere is about 2 µm long, and 

formed by thick and thin myofilaments. They are arranged distinctively in a striated 
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pattern to form the dark A and the light I bands (Fig. 2). Their arrangement is symmetric: 

thick myofilaments of myosin are located and attached on both sides of a central M line, 

in the center of the sarcomere (dark A band) while thin myofilaments of actin are 

anchored at the poles of the sarcomere at the Z line level. The thick filaments are formed 

mainly by myosin proteins which have a diameter of 10 nm; the thin filaments are 

composed mainly of actin proteins and have a diameter of 6 nm. The sarcomeric 

myofilaments are the most abundant of the total protein content in a single muscle fiber, 

being approximately 70–80%2 of the total. 

 

 

 

Fig. 2.  Structure of the skeletal muscle fiber. (a) The whole skeletal muscle vs the single skeletal muscle 

fiber. (b) A single skeletal muscle fiber and a myofibril. (c) Cytoskeletal components of a myofibril form 

sarcomeres. (d) Thick (myosin) and thin (actin) filaments (modified from 2).  
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1.1a EC coupling 

To induce skeletal muscle contraction, the action potentials generated by the motor 

neurons are transmitted to the skeletal muscle fibers. The excitation-contraction (EC) 

coupling machinery mediates the transduction of the nerve action potential into muscle 

action potential leading to an intracellular Ca2+ concentration ([Ca2+]i) increase triggering 

muscle contraction.  

The skeletal muscle fibers contain a large intracellular Ca2+ store called sarcoplasmic 

reticulum (SR), which quickly releases and retrieves Ca2+ from the cytoplasm. To ensure 

a simultaneous Ca2+ release throughout the whole skeletal muscle fiber, the SR is 

distributed all over the cell and is under the control of the action potential generated by 

the skeletal muscle fiber. The transverse tubule (T-tubule) system is a network of tubular 

invaginations of the sarcolemma, which maintains the SR under strict control of the 

membrane depolarization via the opening of voltage-gated Ca2+ channels CaV1.1 

(dihydropyridine receptors, DHPRs).  

The SR is closely associate with T-tubules, in regions called terminal cisternae. Two 

terminal cisternae are associated to one T-tubule forming a triad. For skeletal muscle 

contraction, the main source of Ca2+ is represented by the Ca2+ released from the SR 

through the opening of the ryanodine receptor (RyR) channels, mainly located at the 

level of the terminal cisternae. There is a mechanical coupling between DHPRs located 

on T-tubule membranes and RyR type 1 (RyR1) localized on the junctional face of the 

terminal cisternae (Fig. 3). Conformational changes in DHPRs, induced by depolarization 

of the T-tubular membrane, are transmitted to RyR1, triggering its opening. Each single 

RyR1 interacts with four DHPRs10. 

The strength of muscle contraction is controlled by the amount of Ca2+ released from SR, 

which in turn, is modulated by the Ca2+ content in the SR lumen via Ca2+ uptake activity 

by the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA). Calsequestrin (CASQ), 

which binds up to 80 Ca2+ ions (mol/mol), is the high-capacity Ca2+ storage protein 

localized in the lumen of SR.  
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Fig. 3. Triad organization in the skeletal muscle fiber. Left: Electron micrograph of a triad junction. A central 

T-tubule is flanked on both sides by two terminal cisternae elements of the SR. Arrows indicate electron-

dense junctional feet corresponding to the DHPR-RYR1 receptor complex. Right: Schematic 

representation of a mammalian muscle sarcomere and surrounding membranes. T-tubules shown in gray 

are specialized invaginations of the sarcolemma. The elaborated sarcoplasmic reticulum network is shown 

in blue. Note the close proximity between the terminal cisternae of the SR and the T-tubules (from 10).  

 

1.1b Satellite cells and muscle regeneration 

From birth to childhood, the number of skeletal muscle fibers composing a muscle 

remains constant. However, each fiber can undergo hypertrophy, a process through 

which cells grow in size due to the fusion of specific muscle stem cells, also known as 

satellite cells (SCs). Since their discovery by Mauro11 (1961), SCs have been identified 

as the main source of new myonuclei in the postnatal skeletal muscle tissue12,13. 

Anatomically, these cells are located between the sarcolemma and the basal lamina of 

the skeletal muscle fibers (Fig. 4) and contribute to muscle growth, repair, and 

regeneration14. Upon appropriate stimuli, SCs switch from a typically quiescent state to 

an active one undergoing proliferation and/or differentiation.  

In the quiescent state, SCs are characterized by a large nuclear-to-cytoplasmic ratio, 

small nucleus, few organelles and condensed chromatin, the classic morphological 

characteristics of quiescent cells15. Stem cells and muscle fiber progenitors can be also 
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identified and discriminated by fluorescence microscopy thanks to specific biomarkers 

(Fig. 4). Transcription factor Barx2, cell adhesion protein M-cadherin, tyrosine receptor 

kinase Met c-Met are markers for SCs located at the plasma membrane such as receptor 

α7-integrin, clusters of differentiation protein CD34, and many others16. In the adult 

skeletal muscle, all SCs express the paired box transcription factor Pax7, essential for 

SCs function, while subsets also express Pax3 and Myf5, defying a large heterogeneity 

in SCs population.  

SCs undergo self-renewal through both symmetric and asymmetric division to keep 

muscle stem cell pool, largely depending on cell position in relation to fiber16. When 

activated, a group of SCs express Pax7 and upregulate MyoD leaving the quiescent 

state, while the remaining stem cells downregulate MyoD and contrast the further 

myogenetic process maintaining a mitotically inactive state. Megeney et al.17 

demonstrated in transgenic MyoD-/- mice a reduced regenerative capacity after injury, 

confirming that MyoD is crucial for promoting the progression of myoblast to terminal 

differentiation17. Myogenesis continues with the expression of MyoD, Myf5, Myogenin 

and MRF4 and it is considered completed with the activation of muscle specific proteins 

(myosin heavy chains, MHC) and the fusion of myoblasts into myotubes.  

SCs not only are responsible for muscle hypertrophy, but they also make muscle 

regeneration possible. Regeneration is one of the hallmarks of the mature skeletal 

muscle tissue and it is a highly orchestrated process, which involves the interaction 

between SCs and their microenvironment. Under unstressed conditions, SCs stay in the 

quiescent state, but when required, in response to external signals, such as injury, SCs 

start to proliferate and express myogenic markers. 
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Fig. 4. Localization of a SC in a skeletal muscle fiber. PM, plasma membrane; BL, basal lamina; SC, 

satellite cell (modified from 17). 

 

 

 

 

 Fig. 5. Temporal and hierarchical sequence of transcription factors activation during the various stages 

of adult myogenesis (from 9).  
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1.1c Fiber types 

From a physiological point of view, the characteristics defining the skeletal muscle fiber 

“type” are movement rates, response to neural inputs, and metabolic styles18,19. Skeletal 

muscle fiber diversity involves all functional cell compartments, including membrane 

excitation, EC coupling, contractile machinery, cytoskeleton scaffold, and energy supply 

systems. Nowadays, different techniques are available to analyze skeletal muscle fiber 

types, such as tissue homogenate analysis, histological analysis of tissue sections and 

the electrophoretic analysis of MHC isoform expression20. The skeletal muscle fibers are 

divided into "slow-twitch" (type I) and "fast-twitch" (type II; Table 121).  Fast-twitch fibers 

are also subclassified into the three major subtypes IIA, IIX, and IIB. The co-expression 

of various MHC isoforms in different fibers of a muscle group leads to the distinction of 

more subtypes (I/IIA, IIA/IIX, IIX/IIB), resulting in different ATP usage and muscle 

contraction speeds, from the slowest (type I) to the fastest (type IIB)18.  

In humans, type I fibers, also called red fibers due to the high content of myoglobin 

(chromoprotein with a high capacity to accumulate oxygens), are characterized by 

numerous mitochondria and a dense network of capillaries. The high level of oxidative 

enzymes, such as succinate dehydrogenases, justify the oxidative metabolism used by 

this type of fibers. Type I fibers are also named "slow-twitch" and thanks to the high 

number of mitochondria and the low speed of ATP usage, they are remarkably resistant 

to fatigue, but develop low forces (1-10% compared to type II fibers).  

Type IIB fast-twitch fibers, also defined as white fibers due to the lack of myoglobin, have 

larger diameter and develop powerful contractions generating very high forces. However, 

because of the high consumption of ATP and the presence of few mitochondria, they 

take advantage of anaerobic glycolysis. As a results, the fatigue of these fibers occurs 

quickly because of the limited glycogen reserves.  

Type IIA fast-twitch fibers (resistant to fatigue) possess intermediate structural and 

biochemical characteristics compared to the two previous fibers’ types. Like fibers type 

I, they are enriched in mitochondria and capillaries but have glycolytic and oxidative 

enzymes, thus they show greater resistance to fatigue than IIB fibers. Moreover, their 

contraction speed is moderately fast  and develop a contraction force doubled than IIB 

fibers. 
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Type IIX fibers are characterized by a glycolytic metabolism and they have intermediate 

characteristics between type IIA and type IIB fibers. Having a high activation threshold, 

they are activated by high efforts.  

Reduced muscle use has been shown to cause atrophy of all muscle fiber types but 

particularly of type I, accompanied by a fiber-type shift from type I and IIA fibers to type 

IIX22–25. However, Ditor et al.26 observed a pronounced atrophy of type IIA fibers in spinal 

cord injured subjects.  

 

 

Table 1.  Human skeletal muscle fiber type classification and properties (from 21).  
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1.1d Motor units 

In the adults, each muscle fiber is innervated by a single motor neuron, but a single motor 

neuron innervates more muscle fibers. A motor neuron and its associated muscle fibers 

form the “motor unit”, which represents the smallest functional unit of the skeletal muscle. 

The number of fibers innervated by a single motor neuron (innervation ratio) determines 

the capability of the muscle to develop fine or gross movements. Small motor units are 

required for fine movements (i.e. finger movements), while large motor units prevail in 

the muscles characterized by large powerful movements. 

Each muscle contains, in various proportions, different types of motor units, which are 

subdivided according to the metabolic characteristics of the innervated fibers (oxidative 

or glycolytic). Generally, they are subdivided in: 

 

 Slow motor units: slow speed of contraction, very resistant to fatigue; 

 Fast fatiguing motor units: high force, poorly resistant to fatigue; 

 Fast fatigue-resistant motor units: with intermediate characteristics. 

 

It is important to mentioned that, according to the “principle of size”, i.e. the smallest is 

the cell body of the motor neuron the lowest is its activation threshold, the motor units 

whose motor neurons have the smallest cell body are recruited first. This explains why 

we are able to graduate the strength of the muscles and the extent of the movements in 

relation to the needs. 
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1.1e Muscle plasticity/adaptation 

The skeletal muscle has the ability to change fiber type composition and mass in 

response to its activity (physical exercise vs disuse), type of loading (resistance exercise 

vs microgravity) and other environmental factors (hypoxia and thermal stress). 

The extraordinary ability of the skeletal muscle to adapt involves the modification of both 

intra- (mitochondria, myofibrils, etc.) and extra- (capillaries, nerve endings, connective 

tissue) muscular compartments. Intramuscular structural and functional adaptations are 

the result of a rapid change in the expression of key genes that are activated or silenced 

depending on their function. As an example, endurance training induces an increase in 

oxidative capacity with the transition from fast-twitch to slow-twitch muscle fiber, whereas 

strength training results in slow-twitch to fast-twitch muscle fiber transition with muscle 

hypertrophies.  

Genetic diseases are associated to muscle adaptation and differences in composition. 

There are many inherited myopathies and other acquired muscle-related disorders that 

preferentially affect specific skeletal muscle fiber types and it remains still unclear why 

certain muscle diseases preferentially affect particular fiber types27 (Table 2).  

 

 

 

Table 2. Examples of muscle disorders with effects on specific skeletal muscle fiber types (from 27).  
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1.1f The NMJ 

The neuromuscular junction (NMJ) is the highly specialized synapse through which the 

nerve ending of a motor neuron communicates with a single skeletal muscle fiber by the 

release of the neurotransmitter acetylcholine (ACh). At the presynaptic level, the nerve 

ending includes small synaptic vesicles containing ACh, which is released at the active 

zones when the neuronal action potential propagates to the nerve ending. Slow muscles 

are activated at a frequency of 10-20 Hz, whereas fast muscles are activated at a 

frequency up to 100 Hz28. The ACh release is triggered by an increase in the [Ca2+]i 

resulting from the opening of voltage-gated Ca2+ channels induced by the motor neuron 

action potential. Each vesicle contain about 5.000-10.000 ACh molecules29,30.  

The synaptic cleft (50-100 nm wide) separates the presynaptic terminal from the motor-

end plate. Within the synaptic cleft and surrounding the nerve and muscle fiber, there is 

the basal lamina, a single layer of condensed extracellular matrix. At synaptic level, the 

basal lamina is enriched of proteins which are not present in the extra synaptic regions, 

such as acetylcholinesterase (AChEs), which control the transmission between the motor 

neuron and the skeletal muscle fiber. 

The area of the sarcolemma that interacts with the neuron is the motor endplate. The 

motor endplate is characterized by strong invaginations called junctional folds31. The 

crests of these folds contain about 10.000 nicotinic acetylcholine receptors (nAChRs) 

per square micron. To examine the morphological properties of the motor-end plate, light 

confocal microscopy and fluorescent labeling techniques are generally used to generate 

three-dimensional image reconstructions. 

The nAChRs are densely clustered in winding, band-like arrays on the post-synaptic 

membrane, giving rise to the so called “pretzel”-like structure shape32 (Fig 6).   
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Fig. 6. Examples of soleus (A) and EDL (B) endplates (scale bar: 20 µm). Electron micrographs of soleus 

(C) and EDL (D) NMJs (scale bar: 2 µm; from 32). 

 

 

 

 

 

 

 

 

 



19 
 
 

1.1g NMJ maintenance   

For attainment and maintenance of trophic homeostasis and muscle mass, an efficient 

neuromuscular transmission is required from the release of the neurotransmitter ACh by 

the motor neuron to the activation of the EC coupling mechanism at muscle level. There 

are several reports regarding the release and the neurotransmitter activity, but the 

knowledge of the molecular mechanisms responsible for stabilization of the NMJ are still 

matter of investigations.  

Certainly, there is a dynamic organization of nAChRs at the NMJ. In the fully 

differentiated skeletal muscle, the nAChRs are ligand-gated channels localized and 

confined within the postsynaptic membrane. From a molecular point of view, the “adult” 

nAChR is composed by 5 protein subunits: 2α, β, δ, ε. During embryonic muscle 

development and before synaptogenesis, although some receptors form spontaneous 

clusters (pre-patterned), nAChRs are distributed throughout the membrane of the muscle 

cells. In addition, the “embryonic” nAChR expressed in developing skeletal muscle fibers 

are characterized by a ɣ subunit in place of the ɛ subunit of the adults33. From the 

functional point of view, electrophysiological experiments reveal that the 2 isoform 

has a higher single channel conductance and a shorter mean open time34,35 (Fig. 7). 

 

 

Fig. 7. Left, subunit composition of adult and embryonic nAChRs isoforms. Right, representative 

electrophysiological traces of single channel openings of the adult and embryonic nAChR isoforms 

(modified from 39). 
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Distribution and stability of the nAChRs at the endplate are controlled by both release of 

soluble factors from the motor nerve endings and electrical activity of the muscle fiber36–

39.  

The high density of nAChRs in the postsynaptic membrane is the result of a specific  

gene expression of the nAChR subunits confined to the subsynaptic nuclei, controlled by 

the neural agrin released by the nerve terminals. Neural agrin is a motoneuron-derived 

large proteoglycan playing a central role in the NMJ development and maturation. Neural 

agrin controls growth and stabilization of the endplate nAChRs38 and the distribution and 

expression of a number of extracellular matrix-associated proteins, cytoplasmic and 

membrane components of the postsynaptic apparatus40,41. It acts via a receptor complex 

consisting of the muscle-specific tyrosine kinase MuSK42 and the low-density lipoprotein 

receptor-related protein LRP4. Lrp4 acts as co-receptor43,44 and the MuSK/Lrp4 complex 

controls a multifaceted signaling pathway inducing and maintaining nAChR clustering at 

the endplate45 (Fig. 8). 

 

 

Fig. 8. The role of neural agrin in the NMJ development. The growing motor axon releases neural agrin 

likely in an activity-dependent manner. When it reaches a developing myotube, neural agrin binds to the 

receptor complex MuSK/Lrp4 rp4 and activates the downstream cascade controlling the AChR clustering 

and stabilization at the endplate level of the NMJ (modified from 45). 



21 
 
 

In particular, the localization of nAChRs at the end plate is mediated by regulated 

interactions with multiple scaffolding molecules, which participate to the regulation of the 

number, density and stability of receptors at the synapse. The neural agrin-promoted 

clusterization of nAChRs is mediated by Rapsyn, a 43-kDa protein regulating the agrin 

signaling. It links β-dystroglycan anchoring the nAChRs to components of cytoskeletal 

complex. Rapsyn is also crucial for synapse formation; indeed, knock-out mice lacking 

rapsyn die within hours after birth46,47 (Fig. 9).  

 

 

Fig. 9. Rapsyn interactions at the endplate level. Rapsyn associates with the nAChR in the Golgi apparatus 

(i) and form pre-formed complexes with nAChRs on the plasmalemma (PM). Agrin-MuSK/Lrp4 signaling 

induces nAChR clustering via rapsyn dimerization (ii) and by promoting the binding of rapsyn to the nAChR 

phosphorylated βY390 motif (iii). Recruitment of additional rapsyn may require a chaperone protein (not 

shown). These two mechanisms create rapsyn bridges between nAChRs and anchored nAChRs to 

transmembrane and cytoskeletal scaffolding proteins. The stoichiometry of rapsyn/nAChR complexes is 

an important determinant of the density and stability of nAChRs in the postsynaptic membrane (modified 

from 47).  
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1.1h The physio-pathological changes of the NMJ 

A proper activity of NMJ appears to be crucial for the maintenance of the skeletal muscle 

structure and function. Altered motoneuron discharge causes an altered release of 

neurotrophic factors and the latter differently affect the functional profile of the skeletal 

muscle48. Neurotrophic factors76, as well as firing activity77, contribute to modulate 

phenotype and muscle contractile properties, as revealed by the fact that slow muscles 

cross-reinnervated by a fast motor neuron acquire fast contractile properties and vice 

versa. 

Denervation (caused by neurodegenerative diseases or acute trauma) is responsible for 

rapid skeletal muscle fiber degeneration leading to the activation of atrophy-related 

pathway and to functional and structural changes in skeletal muscle, such as alterations 

in myofibrillar expression, shorter half-life of the nAChRs (from several days in normal 

innervated animals to 24 h49), expression switch from adult ε-nAChRs to embryonic γ-

nAChRs, altered nAChR clustering and impaired EC process50,51. 

Aging is associated to a functional denervation of the skeletal muscles, causing a 

decreased skeletal muscle mass and functional capacity (sarcopenia) with a shift from 

fast-to-slow fiber. Muscle mass decreases approximately from 3 to 8% every 10 years 

after the age of 30, and the percentage of muscle loss becomes larger after sixsties52,53. 

This involuntary loss of muscle mass, strength, and function is one of the reasons of 

disability in older people. Sarcopenia, such as many gene-related muscular dystrophies, 

share defects at the nerve–muscle synapse, such as, NMJs fragmentation and altered 

characteristics of nAChRs and neural agrin signaling54,55 (Fig. 10). 
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Fig. 10. 3D images of endplate in different fiber type from 2-month-old (A, C, E) and 30-month-old (B, D, 

F) rats (from 55). 

 

 

 

 

 

 

 

 



24 
 
 

1.1i IP3-sensitive Ca2+ stores  

Ca2+ is a well-known versatile second messenger, controlling several and different 

cellular processes. In the skeletal muscle, it has a central role in the contraction event. 

Subcellular fractionation and immunocytochemistry56 confirmed the interpretation of SR 

as a specialized ER compartment57–59. As previously described, when the EC coupling 

mechanism is triggered, a release of Ca2+ from intracellular SR is mediated by the 

voltage-dependent activation of the DHPRs-RyR1 complexes present at the triadic level. 

Interestingly, in mammalian skeletal muscle, also inositol trisphosphate (IP3) was 

reported to release Ca2+ from isolated SR fractions60 and, in frog muscles, IP3 was found 

to be released by electrical stimulation (ES) and to induce fiber contractions61. However, 

the role of the IP3-sensitive store and the IP3 receptors (R)-mediated Ca2+ release in the 

skeletal muscle physiology remains to be partially unknown. It is known that the IP3R 

activation generates long-lasting [Ca2+]i transients but their role is still matter of debate. 

Skeletal muscle fibers have all the biochemical machinery for generation and catabolism 

of inositol phosphates as revealed by in situ hybridization and immunohistochemistry62. 

[3H]-IP3 binding revealed that IP3Rs are preferentially expressed in slow oxidative (type 

I) and fast oxidative glycolytic (type IIA) fibers62 and more recent immunofluorescent 

studies63,64 confirmed the abovementioned observation.  

In the skeletal muscle, the prevalent isoform of the IP3R is the IP3R-164, capable to 

amplify postsynaptic Ca2+ signals. This isoform is suggested to play a key role in NMJ 

development and maintenance, homeostatic regulation of neuromuscular transmission 

and synaptic gene expression65. High levels of IP3Rs were found in postsynaptic 

component of NMJ, in particular surrounding motor endplate nuclei, and close to nAChRs 

of the endplate gutters66. Junctions were observed in muscle fibers between the 

subsynaptic folds and the rough SR at a large distance from myofibrils, indicating a 

particular role for such structures in the regulation of the nAChR gene expression67. 

Furthermore, subsynaptic folds were observed to continue into the T-tubular system68. 

The tubular network closed to the synaptic folds branches out to participate in the 

formation of triad-like structures and generation of subsynaptic local IP3-controlled Ca2+ 
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changes69. It is interesting to note that, in cultured myotubes, the motor nerve activity 

induces slow Ca2+ transients at the NMJ level, which are not involved in contraction70 

and that appear to regulate neural agrin-induced nAChR clustering71. 

Localized Ca2+ signaling at the endplate level was suggested to be mediated by the 

interplay between nAChRs activity and the IP3R72. In pathological condition, an 

overactivation of nerve terminal-associated cholinergic receptors leads to NMJ 

degeneration65,72. In synapses between neurons, the scaffold protein Homer has been 

shown to interact with the IP3Rs73–75. In the skeletal muscle, Homer proteins were also 

found at the subsynaptic level63. Therefore, IP3R-Homer interaction could participate in 

shaping local Ca2+ signals beneath the postsynaptic membrane76  (Fig. 11). 

 

 

Fig.11. Image representing Homer protein, IP3Rs and Ca2+ distribution at the subsynaptic region (modified 

from 76).  
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1.2 Electrical stimulation 

It is well established that electrical activity initiates specific molecular signaling pathways 

enhancing the communication between nerve and muscle and promoting not only to fiber 

contractions but also developmental changes, myoblast orientation, muscle fiber 

phenotype. Exogenous electrical pulse stimulation (EPS) could prevent the effects of 

denervation at the endplate level. In extra synaptic regions, electrical activity is the 

predominant signal that ‘shut off’ the expression of the fetal ɣ-nAChRs during 

development35,77. Motor innervation plays a crucial role not only in the stabilization of 

AChRs in the postsynaptic membrane preventing the loss of end-plate membrane 

structure78, but also in promoting the recycling of internalized AChRs into the synaptic 

membrane.  

People affected by disabling diseases, sarcopenia or upon surgery due to road accidents 

are often unable to move and are usually forced to remain immobile for a long period of 

time. Since physical activity is essential to maintain normal functioning muscles, 

prolonged immobilization leads to muscle strength (hyposthenia) and muscle mass 

(hypotrophy) reduction, which could reach 50% after six weeks of posture in bed. EPS is 

highly used for physiotherapeutic and rehabilitative purposes, to improve the physical 

condition, such as contractility and metabolism of patients, potentially restoring part of 

physiological body compositions and functions, movement included. 

In clinical settings, EPS can be used for many different conditions, for example to 

improve muscle strength, to reduce edema, to increase range of motion, to decrease 

atrophy, especially in old people, and healing tissues79. Over the years the use of EPS 

has expanded into many fields such as in sports, for training and muscle recovery, and 

in aesthetic treatments for lymphatic drainage and body fat reduction. Nowadays, it 

represents a useful and potential tool in regenerative medicine to implement stimuli for 

muscle tissues, thanks to its effectiveness, safety and easy use.  
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1.2a Exercise models  

The beneficial health-related effects of exercise are well recognized. The choice of 

appropriate type, repetition, duration, and intensity of the exercises are determinant for 

favoring a specific glycolytic or oxidative metabolic profile, and fiber types potentiation80. 

In vivo, EPS induces exercise-like effects depending on the frequency, duration, and 

intensity of electrical stimulation pulses81,82.   

 

 

Fig 12. In vitro EPS effects compared with the effects of in vivo exercise. Overlapping effects are presented 

in the middle white column. The specific effects observed in vitro and in vivo are shown in the two outer 

columns (from 81).  

 

Using various in vivo and in vitro models, numerous studies have investigated the cellular 

mechanism behind the usage/efficacy of EPS.  

Starting from 1970’ experiments, EPS of cultured skeletal muscle cells represents a tool 

to study muscle cell behavior, to identify myokines release and to study the role of 

denervation/reinnervation on AChRs regulation83. Today, human EPS protocols applied 

to 2D muscle cell cultures are used also to study, in vitro, what exactly happen at 
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molecular level during regular physical activity and which ultrastructural components and 

functional correlation are involved in health promotion (Fig. 12). Moreover, the cell culture 

systems combined with EPS offer the possibility to isolate muscle cells from other cell 

types, eliminating the interference of paracrine effects by other organs and thus to 

analyze the exercise-like effects in a controlled environment. 

C2C12 skeletal muscle cell line was firstly used as exercise cell model84. Continuous 

EPS for 24 h at 1 Hz84 induced visible C2C12 contraction as well as activation of both 

AMP-activated protein kinase (AMPK) cascade and mitogen-activated protein kinases 

(MAPK) pathway, which mediated several cellular processes such as proliferation, 

differentiation, apoptosis, stress responses, angiogenesis, glucose uptake, insulin 

sensitivity in vivo. Interleukin-6 (IL-6), C-X-C motif, chemokine (CXCL) 1 and CXCL5 

release was also detected like in contracting skeletal muscle in vivo.  

In 2016, Jaatinen et al. showed that EPS could change cell structure and adhesion 

properties in mouse myoblasts85. Moreover, both cardiac and skeletal muscle alignment 

and differentiation are known to be influenced by EPS86.  

Different types of exercises affect differently the skeletal muscle in vivo by activating 

different signaling pathways. Low load endurance exercise is characterized by oxygen 

delivery induced by capillary and mitochondrial activity87–91, whereas high-load strength 

type of exercise leads to growth of muscle fibers with a rise in contractile proteins92,93. 

High intensity exercises were reproduced in vitro94 with EPS consisting in 200 ms trains 

at 100 Hz given every 5th second for 5 min to evaluate the metabolic effects of an  acute 

high intensity bout of exercise. Glucose uptake, consumption of ATP and 

phosphocreatine (PCr) with an increase in cell production of lactate were observed95. 

However, if EPS protocols are able to mimic in vitro an endurance-type or resistance-

type of exercise in vivo is still matter of investigation. In isolated human myotubes, long 

lasting (2-48 h) and low frequencies (1 Hz 2 ms) stimulations showed a cytoskeleton 

reorganization, the AMPK activation, IL-6 increased secretion96. Low and high frequency 

EPS appear to activate separate signaling pathways depending also on the duration of 

EPS protocol (Fig. 13). 
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Fig. 13. Effects of short-term vs. long-term EPS on signaling pathways, mRNA expression, protein level 

and metabolism measured directly after completing the EPS protocol (from 81).  

 

1.2b The importance of EPS parameters  

The EPS devices deliver pulses in waveform patterns composed by square or 

rectangular waves. Monophasic pulses have only one phase and the current flow is 

unidirectional; biphasic currents consists of two phases, each occurring on opposite side 

of the baseline. If these two phases are equal in their magnitude, duration and shape, 

the resulting pulse is considered as symmetrical biphasic 97. (Fig. 14). Balanced biphasic 

electrical stimulation have the advantage to prevent an excessive charge accumulation 

at the electrodes, that otherwise could prevent current flow from the stimulating 

electrodes98. Importantly, with balanced biphasic stimulation, the electrical charge 

delivered during one phase would be withdrawn during the opposite phase, resulting in 

no net charge accumulation. 
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Pulse duration can be increased to potentially recruit more fibers in the surrounding area 

in order to reduce atrophy. Comparing different pulse durations, it was observed that 

wider pulse widths produced stronger contractions than the narrow ones, helping atrophy 

reduction and producing fatigue-resistant contractions for rehabilitation99. 

The intensity/amplitude (usually reported in mA or mV, depending on the stimulator 

output) of single pulses are proportional to the number of activated fibers. Recruiting 

more motor units results in a stronger contraction force. However, high pulse intensity 

induces pain and, therefore, it is usually less tolerated79. 

The frequency of electrical pulses is responsible for different effects. In clinics, protocols 

between 2 and 4 Hz favor the trophism of muscle mass and improve the microcirculation.  

In addition, at a frequency of 4 Hz, the body produces enkephalins, which raise the pain 

threshold. Increasing the frequency to 8 Hz rises the pain threshold and elicits positive 

effects such as an intense relaxing effect on the stimulated area, improvement of local 

blood circulation, a decrease in toxic metabolites and an improvement in tissue 

oxygenation. From 18 and 40 Hz mainly slow fibers are activated. This type of stimulation 

is equivalent to the muscular work of a continuous running of medium intensity, through 

which aerobic capacity is improved without any oxygen deficit. Between 60 Hz and 80 

Hz, depending on the pulse width, intermediate and fast fibers are recruited causing an 

increase in the muscle strength. Frequencies between 80 Hz and 120 Hz recruit the fast 

fibers and are indicated to improve strength and speed.  

Proper stimuli are also necessary to activate the so called excitation-transcription (ET) 

coupling, controlling the gene expression profile in the skeletal muscle fibers64. Such ET 

coupling was at least in part based on IP3-mediated slow Ca2+ signals, which follow the 

RyR1-dependent fast Ca2+ transient responsible for the contractile activity. The 

amplitudes of the slow Ca2+ signals are proportional to the frequencies of stimulation, 

reaching maximal values from 10 to 20 Hz64. Experimental results indicate that IP3 

production and activation of IP3Rs are probably maximal at 20 Hz64. Even an increase in 

the number of pulses in the train increased the slow Ca2+ response: an increased number 

of depolarizing events elicits more easily the slow Ca2+ response. 

During the EPS, motor unit recruitment is usually nonselective, compromising the natural 

rate of fatigue resistance100. In our laboratory, in collaboration with Giuliano Taccola, 
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from the International School of Advanced Studies, we tested an innovative EPS “noisy” 

protocol, called EMGstim, in an exercise model of cultured skeletal muscle cells. Such 

protocol derived from human gastrocnemius medialis electromyographic recordings, 

during an overground locomotion at a freely selected speed (1 m/s; Fig. 15)101. The 

EMGstim was characterized by biphasic voltage pulses of various duration, amplitude 

and frequency, and it was capable of eliciting contractions in vitro mouse myotubes, more 

efficiently than “regular” conventional stimulation protocols. In details, action potentials 

firing at 1 Hz was detected in myotubes, time locked with their contractions at a lower 

stimulus strength than regular 1 Hz, 1 ms pulse stimulations. Moreover, EMGstim 

protocol was able to promote muscle progenitor cell differentiation via the release of 

endogenous ATP102. Such “noisy” EPS protocol, in which pulses change continuously 

their amplitude, duration and frequency, was suggested to recruit motor units with 

different thresholds at different times. Thus, the use of “noisy” protocols in human 

patients could have the advantage to limit the common occurrence of pain and fatigue, 

typical of the regular high frequency stimulations.   

More in general, the optimization of EPS parameters, including electrode material, 

electrode placement, and the use of variable parameters in the pulse patterns, could 

improve the therapeutic benefits obtained by this technique.  
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Fig. 14. Different shapes and waveforms of pulsed electrical current. (A) Examples of monophasic 

waveforms above the zero baseline. (B) Examples of biphasic waveforms. (C) Examples of asymmetric 

and/or charged unbalanced (from 103). 

 

 

 

Fig. 15. The EMGstim protocol design. A 60 s segment trace (grey box), sampled from a human EMG 

recording is taken in order to design off-line, the noisy stimulation pattern EMGstim. The inset shows an 

expanded part of the EMGstim (corresponding to upper gray rectangle) to reveal the stochastic nature of 

the protocol (Modified from 101).m101 
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1.2c Skeletal muscle as an endocrine organ 

Beside the classical and more known functions of locomotion and energy production, the 

skeletal muscle is also classified as an endocrine organ. The skeletal muscle fibers 

synthesize, express and release multiple factors, called myokines, which exert paracrine, 

autocrine and/or endocrine effects also on peripheral and remote organs103. Nowadays, 

the hypothesis is that a synergistic crosstalk among nervous, endocrine, immune and 

skeletal muscle systems is needed to maintain the body homeostasis (Fig. 16)104.  

Even if the skeletal muscle secretes hundreds of myokines, the majority are still not 

sufficiently characterized. Only few of them have been studied for their biological activity 

and function. Brain-derived neurotrophic factor (BDNF), myostatin, the group of IL-4, IL-

6, IL-7, IL-8 and IL-15, irisin and insulin-like Growth Factor-1 (IGF-1) are the best known. 

How their synthesis and release are controlled is still matter of investigation, but there 

are experimental evidences in favor of a contractile-dependent mechanism105–107.  

 

 

 

Fig. 16. Myokines crosstalk with organs. Different myokines affect muscle itself, brain, adipose, immune 

system, gut, pancreatic beta-cell, liver, bone, vascular bed, and skin (rom 104).  
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During contraction, muscle cells undergo mechanical strain, causing the activation of 

specific gene expression programs, such as myogenesis, differentiation and 

hypertrophy. In recent years, mechano-transduction has aroused the interest of 

researchers, who study the skeletal muscle physiology. An emerging hypothesis is that 

mechanoreceptors could be involved in several mechanisms converting the contractile 

activity into intracellular signaling cascades. Interestingly, the expression of 

mechanosensitive channels was found to be inversely proportional to the expression of 

atrophy-related genes Klfl5 and IL-6 in denervated or immobilized muscle fibers108. 

Moreover, there are data indicating that the mechanosensitive channels control the basal 

[Ca2+]i even when the cell is relaxed.    
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2. AIMS OF THE STUDY 

 

Functional innervation of skeletal muscle cells is required to guarantee a physiological 

development and maintenance of trophic homeostasis and muscle mass. Upon 

denervation, skeletal muscle alterations include changes at different levels, such as 

metabolic, biochemical and structural. Impairments in nerve-muscle communication due 

to ageing, disuse or injuries produce alterations in electrophysiological muscle 

membrane properties, Ca2+ release mechanisms, nAChRs distribution, EC coupling 

mechanism, muscle fiber type composition and release of myokines.  

The aim of my research project was to investigate the different aspects of electrical 

stimulation/activity in cultured skeletal muscle cells. In particular, my research activity 

was organized in two phases. 

The first part of my research focused on the effects of electrical activity at the NMJ level. 

Because EPS mimics nerve activity inducing muscle cell contraction, it has been 

proposed as a tool to counteract the related NMJ denervation-changes. We investigated 

the role of  electrical activity vs neural agrin in controlling the subsynaptic IP3R1-sensitive 

compartment. Moreover, since the expression and distribution of some scaffold proteins 

are dependent on nerve and muscle activity, we investigated the role of the scaffold 

protein Homer 2 in the stabilization of the NMJ using a transgenic Homer 2-/- mice model. 

The second part of my research set out to investigate the EPS-induced modulation of 

myokine release. We focused our attention on the myokine IL-6, known to be released 

upon contraction and to increase at the systemic level during exercise109–111. In 

particular, we investigated the possible involvement of the mechanosensitive Piezo 1 

channels in the myokine release during EPS-induced muscle cell contraction and the 

ability of the pharmacological compound Yoda 1 to mimic the EPS-induced myokine 

release.  
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3. PUBLISHED RESULTS 

 

3.a Studies on subsynaptic IP3Rs and scaffold protein Homer 2 and their 

emerging role in the NMJ stability  

Muscle electrical activity induced by motor neuron represents an essential factor in 

regulating the expression, the distribution and the stability of nAChR at the endplate 

level. Indeed, since electrical activity controls nAChRs half-life and turnover112–114, 

denervation causes a fragmentation of the endplate. This phenomenon is associated 

with an alteration of the NMJ electrical properties due to the isoform switch from adult ε-

nAChRs to embryonic -nAChRs50,51, characterized by a reduced Ca2+ permeability, 

conductance and slower kinetics.  

Electrical activity, through postsynaptic membrane depolarization, has been proposed to 

induce synaptic Ca2+ signals related to the so-called ET coupling mechanism based on 

an IP3R-mediated Ca2+ release controlling the regulation of gene expression115–118. At 

the endplate level, sarcoplasmic/endoplasmic reticulum elements are localized close to 

the walls of the synaptic folds, forming subsynaptic triads69 and/or junctions of unknown 

function67. IP3Rs66 were found to be localized around subsynaptic nuclei and close to 

nAChRs on the crests of the postsynaptic folds66. In pathophysiological conditions, upon 

denervation, an abnormal activity of IP3Rs and rearrangement of the endplate region, 

are described72. At the endplate level, the prevalent isoform IP3R1 is involved in 

controlling synaptic gene expression, development and maintenance of NMJ structure 

and function, as determined by RNA interference-mediated gene silencing65. A role of 

IP3R1 in modulating cholinergic transmission at the NMJ has been therefore 

proposed64,65. 

All these observations raise the question of whether and how innervation and nerve-

driven electrical activity control the subsynaptic IP3R1-sensitive membrane 

compartment, fundamental in the NMJ stabilization. To investigate this intriguing aspect, 

we used both in vivo (denervated EDL) and in vitro models (cultured FDB skeletal muscle 

fibers) of denervation. Briefly, endplate nAChRs and the corresponding subsynaptic 

IP3R1s-stained volumes were analyzed using confocal fluorescence microscopy. Flash 

photolysis experiments of caged IP3 were performed to investigate the effects of 
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denervation on the local subsynaptic IP3-mediated Ca2+ signals at functional level. In 

addition, since both electrical muscle activity and neural agrin maintain the endplate 

apparatus34,119,120, we also investigated if the subsynaptic distribution of IP3R1s was 

under the control of one of both of them. Our results demonstrated that IP3R1 distribution 

is highly sensitive (even more than nAChRs) to the absence of nerve activity. EPS was 

able to counteract, although partially, the denervation-induced reduction of the IP3R1-

stained volume in the subsynaptic region. 

In skeletal muscle, the scaffold proteins Homer interact with IP3R and RyR1, playing a 

central role in Ca2+ signaling, development, and adaptation of muscle fibers. Many 

Homer isoforms are expressed in skeletal muscles fiber, depending on the phenotype.  

It was demonstrated that Homer 2 is able to antagonize protein degradation121 and 

denervation/atrophy experiments demonstrated a rapid reduction of Homer 2 

expression. In humans, Homer 2 levels were downregulated after prolonged (60 days) 

bedrest122. However, it remains still partially unclear the role of Homer 2 in skeletal 

muscle adaptation and/or whether and how Homer 2 modulates the structure of muscle 

endplate. We took advantage of the availability of the transgenic Homer 2-/- mice to 

investigate this aspect. The observed upregulation of atrophy-related genes in Homer 2-

/-  mice confirmed the role of Homer 2 in muscle catabolism. Morphometry analysis in 

Homer 2-/-  mice revealed a decrease in CSA of SOL and not of EDL and FDB muscles 

suggesting a type-specific signaling involved in atrophy. Using confocal 

immunofluorescence microscopy, we also observed a reduction in the endplate volume 

in isolated FDB Homer 2-/-  fibers. Briefly, our results suggest that, the scaffold protein 

Homer 2 could play an important role at the NMJ level integrating different downstream 

signaling pathways controlled by NMJ and involved in the maintenance of the cell 

trophism. 
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3.b EPS-driven Piezo 1 activity and IL-6 release  

The voluntary movement sustained by the skeletal muscle system prevents and 

counteracts muscle atrophy. More and more evidences suggest that physical exercise is 

also beneficial for cognitive functions, mood and brain health. Physical exercise reduces 

stress, anxiety, depression as well as the risk of cardiovascular disease, cancer, 

osteoporosis, and diabetes.  

Recently, skeletal muscle has been identified as an endocrine organ, with the ability to 

produce and release several myokines as a consequence of the contractile activity. 

Myokines are responsible for a multitude of effects on a wide range of different tissues, 

thus establishing several muscle-organ crosstalks123.  

So far, about 650 myokines have been identified; only 5% of them are associated with a 

known biological function103. Circulating myokine levels appear to increase during 

physical exercise and decrease with physical inactivity. IL-6, first cloned in 1986124, is 

mainly known for its role in the immune response and acute phase reactions; however, 

it acts also as an anti-inflammatory myokine, which regulates the growth and 

differentiation of various tissues125,126. It is known that IL-6 plasma concentration 

increases up to 100-fold in volunteers performing exercise38. The levels of released 

myokines are related to the percentage of muscle mass used, the intensity and the 

duration of the physical effort produced127. Taking into account that the skeletal muscles 

are approximately 40% of total body weight in humans and contains 50-75% of all body 

proteins2, in response to contraction, skeletal muscles are considered the predominant 

source of the systemic increase of IL-6 induced by exercise109,110,111.  

During exercise, IL-6 stimulates the appearance in blood circulation of other anti-

inflammatory cytokines, such as IL-1 and IL-10, and inhibits the production of the pro-

inflammatory cytokine TNF-α both in in vitro and in vivo experiments128,129. In addition, 

IL-6 enhances lipid turnover, stimulating lipolysis as well as fat oxidation. Moreover, 

several studies demonstrate the beneficial autocrine/paracrine role of IL-6 acting on 

skeletal muscle regeneration130–132.  

EPS is able to mimic the nerve activity in cultured skeletal myotubes inducing visible cell 

contraction. Action potentials were elicited, time locked with EPS, triggering intracellular 

Ca2+ increase101,133 as well as IL-6 production and release125. Field EPS promoted IL-6 
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production via ATP release, acting on purinergic receptors and activating the IP3-

dependent intracellular Ca2+ signals. Released IL-6 controlled its own expression125.  

During contraction, because of the mechanical strain, cation-permeable 

mechanosensitive channels are activated. The Piezo family of mechanosensitive 

channels, discovered by Ardem Patapoutian in 2010134 (bestowed with Nobel Prize for 

Medicine in 2021), consists of two isoforms of non-selective Ca2+ permeable ion 

channels named Piezo 1 and Piezo 2. Many studies have shown that these channels 

play important functional roles in several tissues135 (Figure 17). 

  

 

 

 

Fig. 17. The sketch illustrates the wide range of Piezo 1 channel functions in different tissues (from 135).  

 

At skeletal muscle level, Piezo 1 activation was identified in a study performed on the 

C2C12 myogenic cell line, in which the activity of Piezo 1 channels controls the cortical 

actomyosin assembly, necessary for myotube formation during myogenesis136. A similar 

role of Piezo 1 channels on primary skeletal muscle cells was identified for the first time 

in our laboratory. By the chemical activation with the specific agonist Yoda 1, we 

identified the role of Piezo 1 channel activity in the transition from the proliferative 

myoblasts to the MyoG-positive differentiated myocytes, able to fuse into myotubes137.  
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Nowadays, although the activation of Ca2+ signaling pathways triggered by 

mechanosensitive channels is well established138, it remains still unknown their role in 

the myokine release during contractions. Part of my research activity was intended to  

investigate the possible involvement of Piezo 1 channels in IL-6 release during muscle 

cell contraction induced by EPS.  

Our results demonstrated for the first time that mechano-activated Piezo 1 channel 

activity supports IL-6 release. Moreover, our data indicated that chemical activation of 

Piezo 1 channels could be even more efficient in inducing IL-6 release than EPS, 

suggesting that chemical compounds acting on Piezo 1 channels might represent 

promising tools to mimic muscle activity. 
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4. DISCUSSION 

 

There is a growing need to understand skeletal muscle cell biology in order to counteract 

damages caused by congenital defects, neuromuscular disorders and age/injury-atrophy 

related phenotypes. Skeletal muscle shows a potential intrinsic plasticity in response to 

both intracellular and extracellular stimuli and the knowledge of the involved molecular 

mechanisms is potentially useful and required to develop new clinical treatments to 

counteract skeletal muscle impairments. Because innervation and the nerve-driven 

muscle activity are fundamental for structural support and functional integrity of the 

skeletal muscle, the skeletal muscle trophism requires stable and functional nerve-

muscle interactions via NMJ. In the case of impaired nerve-muscle communication, EPS 

is used as clinical treatment to mimic the nerve activity and to ameliorate abnormal or 

damaged muscle tissue conditions. Indeed, EPS prevents the denervation age/disuse 

related effects, representing an efficient tool to simulate the electro-mechanical muscle 

behavior, contributing to the maintenance of structure and functions of the skeletal 

muscle.  

 

Ca2+ release from intracellular stores controls an impressive number of both normal and 

pathological skeletal muscle intracellular signaling: it is involved not only in the EC 

coupling machinery during contraction, but also in the so called ET coupling 

mechanisms, by which the IP3Rs activation generates long-lasting [Ca2+]i transients. 

IP3R1, which is the most abundant and best studied among the three isoforms of IP3Rs, 

is highly expressed in skeletal muscle postsynaptic area near the nAChRs and 

surrounding skeletal muscle fiber nuclei. The nerve activity-mediated IP3R-induced Ca2+ 

release beneath the endplate suggests a role for the IP3-sensitive Ca2+ pool not only in 

gene expression regulation, but also in the mechanism stabilizing the NMJ apparatus.  

By using FDB denervated cultures as a cell model to reproduce in vitro the denervation 

effects at the endplate level139, we observed a direct proportionality between the 

subsynaptic IP3R1-stained volume and the endplate size. Moreover, we demonstrated a 

significant reduction of the IP3R1-stained volume associated with the endplate 

fragmentation after in vitro denervation. Interestingly, the effect of denervation on IP3R1s 

resulted even stronger than the effects on the nAChRs.  
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Motoneurons control the stability and the number of junctional nAChRs through evoked 

muscle activity and trophic factors36–38,119,140. In our hands, during in vitro denervation, 

the levels of subsynaptic IP3R1 volumes did not significantly change in the presence of 

agrin but a positive electrical activity-dependent regulation of the endplate IP3R1 

distribution was observed. Thus, our results indicate a prevalence of the electrical muscle 

activity in the control of the subsynaptic IP3R1 expression level. Several studies reported 

that EPS is able to reversibly increase the stability of AChRs at surgically denervated 

synapses78,112,141–144 suggesting that the muscle activity is able to prevent the 

denervation-induced phenotype and endplate instability.  

The positive electrical activity-dependent regulation of the IP3R1 is an intriguing 

hypotheses which merits further investigations. If this hypothesis was confirmed, EPS 

protocols could be optimized to promote IP3R activation145 in order to specifically trigger 

the Ca2+-dependent signaling pathways responsible for NMJ stability. Nerve-muscle co-

cultures could provide a useful in vitro model to optimize the EPS protocols signaling 

pathways activated by electrical stimulations. 

 

In skeletal muscle cells, Homer proteins colocalize with IP3Rs and not with RyRs63, 

therefore IP3R-Homer interaction was suggested to be responsible for generating 

regulated IP3-sensitive Ca2+ signals. Interestingly, Homer 2 isoform expression and 

localization at NMJ is nerve and muscle activity dependent. Homer 2 is involved in 

muscle differentiation, trophism, and plasticity73,76,121,122,146,147 regulating key 

transcriptional programs, presumed to be altered in atrophic conditions. Genes involved 

in controlling ubiquitination and ensuing proteolysis, such as MuRF1 and Atrogin-1, 

appeared upregulated in Homer 2-/- rat SOL, as occurs in conditions of atrophy, 

suggesting a role for Homer 2 as co-regulator of the skeletal muscle normo-trophic 

status.  

According to previous results50,76, we observed smaller fibers and an apparent thickening 

of the extracellular matrix in Homer 2-/- mice SOL muscles; hypotrophy instead of atrophy 

characterized Homer 2-/- mice, suggesting that in innervated animals, Homer 2 works 

synergistically with additional independent factors in the maintenance of physiological 

SOL muscle structure.  

Even if downstream effects in the nAChR signaling pathway cannot be fully excluded, 

we also observed that nAChRs isoform, localization and activity were not affected by the 
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absence of the Homer 2 protein. A pretzel-like morphology of endplates was appreciable 

in Homer 2-/- as well as in WT FDB skeletal muscle fibers. However, in Homer 2-/- FDB 

skeletal muscle fibers, the NMJ resulted reduced in size. Thus, further experiments are 

required to better characterize the function of Homer 2 in the NMJ stability and in 

controlling skeletal muscle trophism via possible nAChR-regulated intracellular signaling 

pathways.  

 

Skeletal muscle disuse results in a progressive and significant loss of muscle mass and 

bone tissues, whereas physical exercise and EPS are able to counteract such effects148–

156.  The skeletal muscle is a secretory organ, which releases myokines during adequate 

contractions. Even if the mechanism is still unknown, myokines operate in autocrine, 

paracrine and/or endocrine manner. 

IL-6, is mainly known for its role in the immune response and acute phase reactions; 

however, it is also considered as an energy sensor as its production is regulated by 

substrate availability as well as by muscle contraction. The amount of the released IL-6 

is related to the intensity and duration of the exercise and also to the percentage of the 

muscle mass involved127. Independently from the mechanism of release, a beneficial role 

of IL-6 acting in autocrine/paracrine way on skeletal muscle regeneration was 

observed130,157. 

In our laboratory, we developed an in vitro exercise model offering the advantage to 

detect myokine release from cultured contracting muscle cells, avoiding other possible 

myokine sources, like immune system or other endocrine cells. As well as the exercise, 

in vitro EPS induce visible muscle cell contraction95,101,102, time locked Ca2+ increase and 

myokine release. During contraction in vivo, as well as during EPS delivered in vitro, the 

mechanical strain causes the activation and enrollment of mechanosensitive channels 

(MA), which could potentially control a several number of intracellular signaling 

pathways, including myokine production.  

We reported the presence of Piezo 1 expression in adult cultured myotubes and the 

positive modulation of IL-6 release induced by chemical activation of Piezo 1 channels.  

Our data indicate that the pharmacological activation of Piezo 1 is even more efficient 

than the EPS, suggesting that specific Piezo 1 agonists might represent a potential 

pharmacological tool to promote IL-6 release in a pathophysiological scenario158. New 
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parameters for EPS, (i.e. pulse duration, amplitude, frequency and pulse intervals) could 

be potentially optimized to enhance the myokine release. 

 

In conclusion, our results confirm that the electrical stimulation is a powerful tool to 

modulate different important aspects of the skeletal muscle physiology and that the 

knowledge of the mechanisms responsible for the muscle plasticity combined with the 

optimization of the electrostimulation protocols represent a promising strategy to 

ameliorate the benefits of the therapeutic electrostimulation in patients. The use of 

innovative “noisy” electrical stimulations with a pattern that is not spatially fixed and not 

temporally synchronous would also help to get better results reducing muscle fatigue 

and patient discomforts. 
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