


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 Ca?* signals: a fast one,
related to contraction and a slow signal related to transcriptional events. In the skeletal
muscles, changes in the intracellular Ca?* concentration via Ca?" release from
intercellular stores are achieved through the activation of ryanodine receptors (RyR) and
Inositol-1,4,5-triphosphate receptor (IPsR) channels. The localization of IPsR1s close to
the endplate zone, nearby the nicotinic acetylcholine receptors (nNAChRs) and in the
subsynaptic areas of neuromuscular junction (NMJ), suggests a role of EPS-mediated
IPsR1-induced Ca?* 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 IPsR1-stained volume and the endplate
size. Moreover, we demonstrated a significant reduction of the IPsR1-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 IPsR1-sensitive compartment was also investigated. The addition of agrin

does not affect the reduction of denervation-induced subsynaptic IP3R1 volumes,



whereas a positive electrical activity-dependent regulation of the endplate IPsR1

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 27 mice model. In skeletal muscle
cells, Homer proteins colocalize with IP3Rs, therefore a IPsR-Homer interaction could be
responsible for generating local IPs-sensitive Ca?* signals. Reduced size of NMJ was
observed in single Homer 27 FDB skeletal muscle fibers. Genes involved in controlling
ubiquitination and ensuing proteolysis, such as MuRF1 and Atrogin-1, appeared
upregulated in Homer 27 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 Piezol 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 65'. 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
about3. 2 mil |l ion people die every year be
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 proteins?.
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 heart®. 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 structure?, reduces feelings of anxiety and depression®, and increases

brain sensitivity to some neurotransmitters, such as serotonin and norepinephrine®.

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
5
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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 muscles’ preserving muscle-protein synthesis and preventing muscle

atrophy during prolonged periods of immobilization®.



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).

epimysium

! & fascicle

muscle fiber

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 fiber®. Each sarcomere is about 2 pm long, and

formed by thick and thin myofilaments. They are arranged distinctively in a striated

7



pattern to form the dark A and the light | 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 flaments 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 701 80%? of the total.
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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) flaments (modified from 2).



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 Ca?* concentration ([Ca?*];) increase triggering

muscle contraction.

The skeletal muscle fibers contain a large intracellular Ca?* store called sarcoplasmic
reticulum (SR), which quickly releases and retrieves Ca?* from the cytoplasm. To ensure
a simultaneous Ca?* 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 Ca?* 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 Ca?* is represented by the Ca?* 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 DHPRs™.

The strength of muscle contraction is controlled by the amount of Ca?* released from SR,
which in turn, is modulated by the Ca?* content in the SR lumen via Ca?* uptake activity
by the sarco-endoplasmic reticulum Ca?*-ATPase (SERCA). Calsequestrin (CASQ),
which binds up to 80 Ca?* ions (mol/mol), is the high-capacity Ca?* storage protein

localized in the lumen of SR.



Z-disc M-line Z-disc

Mitochondrion
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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 Mauro!! (1961), SCs have been identified
as the main source of new myonuclei in the postnatal skeletal muscle tissue!?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
regeneration?4. 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 cells'®>. 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
U 7integrin, clusters of differentiation protein CD34, and many others?6, 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 fiber¢. 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.’
demonstrated in transgenic MyoD”- mice a reduced regenerative capacity after injury,
confirming that MyoD is crucial for promoting the progression of myoblast to terminal
differentiation!’. 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
guiescent 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).
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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
Aitypeod are movement rates, respon&¥ Skeletalneur a
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 expression?°. The skeletal muscle fibers are
divided into "slow-twitch" (type I) and "“fast-twitch" (type II; Table 12!). Fast-twitch fibers
are also subclassified into the three major subtypes IIA, 11X, and 11B. The co-expression
of various MHC isoforms in different fibers of a muscle group leads to the distinction of
more subtypes (I/IA, HA/IIX, 1IX/1IB), resulting in different ATP usage and muscle

contraction speeds, from the slowest (type 1) to the fastest (type 11B)*8.

In humans, type | 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 | 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 Il fibers).

Type |IB 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 lIA fast-twitch fibers (resistant to fatigue) possess intermediate structural and
biochemical characteristics comparedto t he t wo previous fibersé
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 |, accompanied by a fiber-type shift from type | and IlA fibers to type

[1X?%125 However, Ditor et al.?® observed a pronounced atrophy of type IIA fibers in spinal

cord injured subjects.

Type 1 fibers Type II a fibers ) Type II b fibers
(red) (red) Type II x fibers (white)
Contraction time Slow Moderately Fast Fast Very fast
Size of motor neuron Small Medium Large Very large
Resistance to fatigue High Fairly high Intermediate Low
Activity Used for Aerobic Long-term anaerobic Short-terlm Short-term anaerobic
anaerobic
Mamm(t)Jqug;rann Hours <30 minutes <5 minutes <1 minute
Power produced Low Medium High Very high
Mitochondrial . . .
density Very High High Medium Low
Capillary density High Intermediate Low Low
Oxidative capacity High High Intermediate Low
Glycolytic capacity Low High High High
. ATP, Creatine .
Major storage fuel Triglycerides hos Egs:tlnle cogen phosphate, ATE’O(S:'-E":;EQ
phosp » 91Y€og glycogen (little) phosp
Consume lactic Produce Iact|; acid Consume Creatine Consume Creatine
Note acid and Creatine hosphate hosphate
phosphate P P P P
Myosin heavy MYH? MYH2 MYH1 MYH4
chain,human genes

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 Amotor unito, which represents the
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:

1 Slow motor units: slow speed of contraction, very resistant to fatigue;
1 Fast fatiguing motor units: high force, poorly resistant to fatigue;

1 Fast fatigue-resistant motor units: with intermediate characteristics.

't is Iimportant to mentioned t heathesmallestisr di n
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 types?’ (Table 2).

Disorder Fiber-type effects
Duchenne muscular dystrophy Type 2X fibers first to degenerate.
Facioscapulohumeral muscular dystrophy Maximum force-generating capacity reduced in type 2 fibers.

Increased proportion of type 1 fibers.

Myotonic dystrophy Type 1 (DM1) Type | fiber atrophy and high frequency of type 1 fibers with central
nuclei. Force generation reduced more in type | fibers.

Myotonic dystrophy Type 2 (DM2) Type 2 fiber atrophy, type 2 fiber hypertrophy, and high frequency of
type 2 fibers with central nuclei.

Congenital fiber type disproportion Predominant proportions of type 1 fibers that are consistently much
smaller than type 2 fibers.

Myosinopathies MYH7mutations can cause smaller diameter type 1 fibers. MYH?
mutations lead to loss of type 2A fibers.

Pompe disease In mouse model, type 2 fibers smaller with massive autophagic
build-up.

Obesity and type 2 diabetes Reduced proportions of type 1 fibers and increased proportions of
type 2X fibers.

Muscle inactivity (spinal cord injury, bed rest) Type | fiber atrophy. Fiber-type shift from type 1 and 2A to 2X.

Aging/sarcopenia Type 2 fiber loss and atrophy. Smaller diameter type 2 fibers.

Heart failure, chronic obstructive pulmonary disease | Fiber-type shift from type 1 to type 2 (limb muscles). Fiber-type shift
from type 2 to type 1 (diaphragm).

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 Hz?8. The ACh release is triggered by an increase in the [Ca?*];
resulting from the opening of voltage-gated Ca?* channels induced by the motor neuron
action potential. Each vesicle contain about 5.000-10.000 ACh molecules?%20.

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 (AChESs), 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 folds3l. 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

membr ane, giving ri s e-likestructutesham® (Fig&). | e d
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Fig. 6. Examples of soleus (A) and EDL (B) endplates (scale bar: 20 um). Electron micrographs of soleus
(C) and EDL (D) NMJs (scale bar: 2 um; from 32).
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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.
nAChR is composed by 5 protein subunits: 2U, b, U, U During embryonic muscle
development and before synaptogenesis, although some receptors form spontaneous
clusters (pre-patterned), nNAChRs are distributed throughout the membrane of the muscle
cells. I n addi tnAChR exptessed infileveidpingyskeletal muscle fibers
are characterized by a "Ysubunit in place of the 0 subunit of the adults®3. From the
functional point of view, electrophysiological experiments reveal that the azbd esoform

has a higher single channel conductance and a shorter mean open time3*3° (Fig. 7).

(04 A\
[ Adult isoform

Nt ) m«]\"“
O
.T 3 Open
Embryonic isoform
- | Closed -—\r»v«-}
‘ . » ; ! Open JLMM

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 fiber3®'
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 nAChRs3® and the distribution and
expression of a number of extracellular matrix-associated proteins, cytoplasmic and
membrane components of the postsynaptic apparatus#®#1, It acts via a receptor complex
consisting of the muscle-specific tyrosine kinase MuSK“? and the low-density lipoprotein
receptor-related protein LRP4. Lrp4 acts as co-receptor*344 and the MuSK/Lrp4 complex
controls a multifaceted signaling pathway inducing and maintaining nAChR clustering at
the endplate® (Fig. 8).

Presynaptic

Motor Axon Nerve Terminal
ACh
A Synapse Vesicles
i Formation/ (xR
S Retrograde Maintenance o
Signalling
o ® &
D —
% AChR

g™ e IUUUURRE | B

HE R i]]
AChR CI i
E&!\é E E ChR Clustering AChEL,
Signal
Myotube Transduction

Rapsyn -
Muscle Endplate

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).

20



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 b-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 birth4¢47 (Fig. 9).
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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 bHY390 motif (iii). Recruitment of add
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
muscle®®. Neurotrophic factors’®, as well as firing activity’’, 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 h*%) , expression swACkRs ftro me-maldmuy a
nAChRs, altered nAChR clustering and impaired EC process®?52,

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 sixsties®23.
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 nervei muscle synapse, such as, NMJs fragmentation and altered
characteristics of NnAChRs and neural agrin signaling®*°° (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).
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1.1i IP3-sensitive Ca?* stores

Ca?* 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 immunocytochemistry®® confirmed the interpretation of SR
as a specialized ER compartment®/15°, As previously described, when the EC coupling
mechanism is triggered, a release of Ca?* 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 (IPs) was
reported to release Ca?* from isolated SR fractions®® and, in frog muscles, IP3 was found
to be released by electrical stimulation (ES) and to induce fiber contractions®l. However,
the role of the IPs-sensitive store and the IP3receptors (R)-mediated Ca?* release in the
skeletal muscle physiology remains to be partially unknown. It is known that the IP3R

activation generates long-lasting [Ca?*]itransients 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 immunohistochemistry®2.
[*H]-IP3 binding revealed that IP3Rs are preferentially expressed in slow oxidative (type
I) and fast oxidative glycolytic (type llIA) fibers®? and more recent immunofluorescent

studies®364 confirmed the abovementioned observation.

In the skeletal muscle, the prevalent isoform of the IP3R is the IP3R-1%4, capable to
amplify postsynaptic Ca?* signals. This isoform is suggested to play a key role in NMJ
development and maintenance, homeostatic regulation of neuromuscular transmission
and synaptic gene expression®. High levels of IPsRs were found in postsynaptic
component of NMJ, in particular surrounding motor endplate nuclei, and close to nAChRs
of the endplate gutters®. 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 expression®’.
Furthermore, subsynaptic folds were observed to continue into the T-tubular system®8,
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 Ca?*
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changes®. It is interesting to note that, in cultured myotubes, the motor nerve activity
induces slow Ca?* transients at the NMJ level, which are not involved in contraction”

and that appear to regulate neural agrin-induced nAChR clustering*.

Localized Ca?* signaling at the endplate level was suggested to be mediated by the
interplay between nAChRs activity and the IP3R’2. In pathological condition, an
overactivation of nerve terminal-associated cholinergic receptors leads to NMJ
degeneration®®72, In synapses between neurons, the scaffold protein Homer has been
shown to interact with the IP3Rs’3 7>, In the skeletal muscle, Homer proteins were also
found at the subsynaptic level®3. Therefore, IPsR-Homer interaction could participate in

shaping local Ca?* signals beneath the postsynaptic membrane’® (Fig. 11).
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Fig.11. Image representing Homer protein, IP;Rs and Ca?* 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 t hat Otheh fetal "YmACHRS duting
development>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
structure’®, 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 tissues’. 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 potentiation®°.
In vivo, EPS induces exercise-like effects depending on the frequency, duration, and

intensity of electrical stimulation pulses®!#2,
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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 197006 e x gkelatal nmscle tefis,represers atobl
to study muscle cell behavior, to identify myokines release and to study the role of
denervation/reinnervation on AChRs regulation®. 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 model®*. Continuous
EPS for 24 h at 1 Hz® 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 myoblasts®. Moreover, both cardiac and skeletal muscle alignment

and differentiation are known to be influenced by EPS®.

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 activity®”'°1, whereas high-load strength
type of exercise leads to growth of muscle fibers with a rise in contractile proteins®?9,
High intensity exercises were reproduced in vitro®* with EPS consisting in 200 ms trains
at 100 Hz given every 5" 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 observed®®.
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 secretion®. 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 °’. (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
electrodes®®. 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 rehabilitation®®.

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 tolerated’®.

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 fibers®. Such ET
coupling was at least in part based on IP3-mediated slow Ca?* signals, which follow the
RyR1-dependent fast Ca?* transient responsible for the contractile activity. The
amplitudes of the slow Ca?* signals are proportional to the frequencies of stimulation,
reaching maximal values from 10 to 20 Hz%. Experimental results indicate that IPs
production and activation of IPsRs are probably maximal at 20 Hz®*. Even an increase in
the number of pulses in the train increased the slow Ca?* response: an increased number

of depolarizing events elicits more easily the slow Ca?* response.

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

rate of fatigue resistance!®. In our laboratory, in collaboration with Giuliano Taccola,
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from the International School of Advanced Studies, we tested aninnovati ve EPS finoi
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)1°%. 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 fr eguopraacads. Icdetailg, actidnipaiemtals st i |
firing at 1 Hz was detected in myotubes, time locked with their contractions at a lower
stimul us strength than regul ar 1 Hz, 1 ms
protocol was able to promote muscle progenitor cell differentiation via the release of
endogenous ATP?2, Such finoisyo EPS protocol, i n whic
their amplitude, duration and frequency, was suggested to recruit motor units with

different thresholds at different times. Thus, t he use of Anoi syo pro
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).
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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).m?02
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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 organsie:. 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)°4.

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 mechanism?05'107,
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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 KIfl5 and IL-6 in denervated or immobilized muscle fibers08,
Moreover, there are data indicating that the mechanosensitive channels control the basal

[Ca?*]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, Ca?* 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 IPsR1-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 exercise®® 11l |n
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 NnAChR at the endplate
level. Indeed, since electrical activity controls nAChRs half-life and turnovert!? 114,
denervation causes a fragmentation of the endplate. This phenomenon is associated
withan al teration of the NMJ electrical proper
NAChRs to embryonic g-nAChRs®%51, characterized by a reduced Ca?* permeability,

conductance and slower kinetics.

Electrical activity, through postsynaptic membrane depolarization, has been proposed to
induce synaptic Ca?* signals related to the so-called ET coupling mechanism based on
an IPsR-mediated Ca?* release controlling the regulation of gene expression% 118, At
the endplate level, sarcoplasmic/endoplasmic reticulum elements are localized close to
the walls of the synaptic folds, forming subsynaptic triads®® and/or junctions of unknown
function®’. IP3sRs® were found to be localized around subsynaptic nuclei and close to
NAChRs on the crests of the postsynaptic folds®®. In pathophysiological conditions, upon
denervation, an abnormal activity of IPsRs and rearrangement of the endplate region,
are described’?. 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 silencing®. A role of
IPsR1 in modulating cholinergic transmission at the NMJ has been therefore

proposed®4.65,

All these observations raise the question of whether and how innervation and nerve-
driven electrical activity control the subsynaptic [PsR1-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
IPsR1s-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 Ca?* signals at functional level. In
addition, since both electrical muscle activity and neural agrin maintain the endplate
apparatus®+119120 we also investigated if the subsynaptic distribution of IPsR1s was
under the control of one of both of them. Our results demonstrated that IPsR1 distribution
is highly sensitive (even more than nAChRSs) 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 IPsR and RyR1, playing a
central role in Ca?* 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 degradation!?! and
denervation/atrophy experiments demonstrated a rapid reduction of Homer 2
expression. In humans, Homer 2 levels were downregulated after prolonged (60 days)
bedrest!??2. 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 27 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 27 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 27 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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Inositol 1,4,5-trisphosphate receptors (IP;Rs) are enriched at postsynaptic membrane compartments of the neuromuscular
junction (NMJ), surrounding the subsynaptic nuclei and close to nicotinic acetylcholine receptors (nAChRs) of the motor
endplate. At the endplate level, it has been proposed that nerve-dependent electrical activity might trigger IP;-associated,
local Ca?* signals not only involved in excitation-transcription (ET) coupling but also crucial to the development and
stabilization of the NM| itself. The present study was undertaken to examine whether denervation affects the subsynaptic IP;R
distribution in skeletal muscles and which are the underlying mechanisms. Fluorescence microscopy, carried out on in vivo
denervated muscles (following sciatectomy) and in vitro denervated skeletal muscle fibers from flexor digitorum brevis (FDB),
indicates that denervation causes a reduction in the subsynaptic IP;R1-stained region, and such a decrease appears to be
determined by the lack of muscle electrical activity, as judged by partial reversal upon field electrical stimulation of in vitro

denervated skeletal muscle fibers.

Introduction

Motor innervation is required for the maturation and mainte-
nance of diversity of both slow-twitch and fast-twitch fibers,
thus regulating the contractile properties of skeletal muscle fi-
bers, in part through the effect of electrical activity on the ex-
pression of distinct myosins. Motor innervation is also required
for the attainment and maintenance of trophic homeostasis and
muscle mass (Tintignac et al., 2015), with inactivity and de-
nervation being paramount causes of skeletal muscle atrophy
(Carlson, 2014).

Efficient neuromuscular transmission requires complex
machineries both at pre- and postsynaptic compartments of the
neuromuscular junction (NM]). The motorneuron has developed
molecular strategies to tune the adequate release of neuro-
transmitter acetylcholine (ACh); the skeletal muscle fiber has
adopted strategies to maximize the binding of ACh to nicotinic

acetylcholine receptors (nAChRs) to trigger action potentials and
to turn on the excitation-contraction (EC) coupling apparatus.

Expression, distribution, and stability of nAChR at the end-
plate are controlled by both the release of soluble factors from
motor nerve endings and the electrical activity of muscle fibers
(Duclert and Changeux, 1995; Missias et al., 1996; Sanes and
Lichtman, 2001; Li et al., 2018; Shi et al., 2012). Skeletal mus-
cle denervation causes nAChR cluster dispersal at the endplate
zone, reduction in the half-life of synaptic nAChRs, and isoform
switch from adult e-nAChRs to embryonic y-nAChRs, the latter
being diffusely distributed over the muscle plasma membrane
(Midrio, 2006; Wu et al., 2014).

Among nerve-derived chemical messengers, a key role is
played by the proteoglycan agrin (McMahan, 1990) via the ac-
tivation of the Lrp4/MuSK receptor complex (Li et al., 2018).
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Neural agrin controls the growth and stabilization of the end-
plate nAChRs (Sanes and Lichtman, 2001) and the distribution
and expression of a number of other components of the post-
synaptic apparatus (Wallace, 1989; Meier et al., 1997; Briguet and
Ruegg, 2000).

As to the regulating effect of the electrical activity, direct
muscle stimulation alone is able to prevent the denervation ef-
fects at the endplate level. In denervated active/stimulated
muscles, electrical activity prevents the denervation-induced
decline of metabolic nAChR stability and the loss of endplate
structure, and also suppresses the expression of the fetal
y-nAChRs (Brenner and Rudin, 1989). Moreover, direct muscle
stimulation counteracts the reduction in the endplate nAChR
density induced by blockade of the neuromuscular transmission
(Akaaboune et al., 1999). The effects of the induced electrical
activity are mediated by an increase in intracellular Ca** con-
centration ([Ca?'];), through either ligand-gated, L-type chan-
nels or intracellular Ca?* stores, and are, at least in part,
dependent on nAChRs phosphorylation (Martinez-Pena y Va-
lenzuela and Akaaboune, 2021).

The electrical activity of muscle fibers also exerts its role by
changes in [Ca®'];, definitely unrelated to RyR-Ca®* channels
responsible for Ca®* release from the SR during EC coupling
(Rios and Pizarro, 1991): evidence is accruing in favor of an in-
ositol 1,4,5-trisphosphate receptor (IP;R)-mediated Ca>* signal-
ing in the activity-dependent regulation of muscle gene
expression (Araya et al., 2003), a process referred to as
excitation-transcription (ET) coupling, through which skeletal
muscle fibers decode the motoneuron stimulation pattern into a
specific gene expression profile and phenotype (Casas et al.,
2022).

The presence of all the intermediate steps involved in the
metabolism of phosphoinositides, from synthesis to degradation
of IP; (Milani et al., 1988; Hidalgo and Jaimovich, 1989), the
presence of IP;Rs, as shown by in situ hybridization, immuno-
histochemistry, and [*H]-IP; binding (Moschella et al., 1995),
provides a role for IP; in skeletal muscle function highly likely
(Volpe et al., 1985; Vergara et al,, 1985), although unrelated to
proposals concerning the role of IP; as a chemical messenger for
EC coupling (Somlyo, 1985; Blaauw et al., 2012).

IP;R immunofluorescence analysis shows a staining pattern
indicative of the localization of IP;Rs at the Z-line in murine
muscles different from that of type 1 RyRs. In addition, subcel-
lular fractionation experiments show IP;R to be enriched in
longitudinal SR but not in terminal cisternae containing RyRs
(Salanova et al., 2002; Powell et al., 2003). IP;Rs are also en-
riched at postsynaptic components of the NM]J, surrounding the
subsynaptic nuclei and close to nAChRs of the motor endplate
(Powell et al., 2003). At the endplate level, IP;R1 is the prevalent
isoform and is involved in synaptic gene expression, as deter-
mined by RNA interference-mediated IP3R1 gene silencing (Zhu
et al., 2011). IP;R1s could be placed either in walls of the synaptic
folds, subsynaptic triads (Dauber et al., 2000), and/or junctions
of unknown function between subsynaptic folds and rough SR
(Dauber et al., 1999).

Nerve-driven electrical activity might trigger IP;-associated,
local Ca2* signals in NM]J involved not only in gene regulation
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but also crucial to the development and stabilization of the NMJ
itself (Powell et al., 2003). In more detail, a functional interplay
between nAChRs activity and IP;R1-driven Ca2* release has been
proposed to be responsible for localized subsynaptic Ca?* sig-
naling (Zayas et al., 2007; Zhu et al., 2011). In pathophysiological
conditions, abnormal activity of IP;Rs could also be responsible
for Ca?* overload observed in the slow-channel myasthenic
syndrome (Zayas et al., 2007) and for NMJ degeneration during
excessive cholinergic activation (Zhu et al., 2011).

Although hypotheses have been formulated for the presence
and role of subsynaptic IP;R-driven Ca** signaling in innervated
skeletal muscle fibers, it is not known whether and how in-
nervation controls the subsynaptic IP;R1 membrane compart-
ment. Based on the significant rearrangement of the endplate
region following denervation and the supposed functional in-
teraction between endplate nAChRs and IP;Rls, the present
study was undertaken to examine whether denervation affects
the subsynaptic IP;RI1 distribution and to unveil the mechanisms
controlling the expression and localization of subsynaptic
IP;R1s. Fluorescence microscopy carried out on in vivo dener-
vated muscles (sciatectomy) and in vitro denervated adult
skeletal muscle fibers (cultured flexor digitorum brevis [FDB]
muscle fibers) indicates that denervation caused a reduction in
the subsynaptic IP;R1-stained region and that such a decrease
appeared to be determined mainly by the lack of muscle elec-
trical activity.

Materials and methods

Animals

Wistar rats and C57BL/6 mice were housed in certified animal
facilities at the Universities of Padova and Trieste, respectively,
in a 12-h light/12-h dark cycle, bred, and fed ad libitum within
the guidelines and rules of the European legislation (2010/63/
EU).

In vivo denervation procedure

6-wk-old female Wistar rats (140-160 g of body weight) were
anesthetized before surgery and were treated with antibiotics
and pain reliever drugs after surgery, as specified in Aut. Min.
1089-2020. Denervation procedure, i.e., sciatectomy, was per-
formed on the right leg as previously described (Bortoloso et al.,
2006) according to the recommendations provided by the Eu-
ropean Convention for the Protection of Vertebrate Animals
used for Experimental and Scientific Purposes (Council of Eu-
rope No. 123, Strasbourg, 1985) and authorized by the Animal
Care Committee of the University of Padova and the Italian
Health Ministry, in agreement with the European legislation
(2010/63/EU), as per Aut. Min. 1089-2020. 9 d after sciatectomy,
rats were sacrificed and extensor digitorum longus (EDL) mus-
cles were dissected from both left (contralateral, control) and
right (denervated) legs.

Isolation of adult skeletal muscles fibers

Single adult skeletal muscle fibers were obtained from the dis-
sociation of FDB muscles of 6-8-wk-old C57BL/6 male mice
(20-25 g of body weight). Mice were sacrificed by cervical
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dislocation as approved by the local Animal Care Committee of
the University of Trieste and the Italian Health Ministry, in
agreement with the European legislation (2010/63/EU).

FDB muscle fibers were isolated from both hindlimb foot
muscles of a single mouse for each independent preparation.
Immediately after excision, FDB muscles were treated with type
I collagenase 0.3% (w/v; Sigma-Aldrich) for 1h in ice and 1 h at
37°C in Tyrode’s solution containing (in mM) 137 NaCl, 2.7 KCl,
1 MgCl,, 1.8 CaCly, 0.35 Na,HPO,, 12 NaHCO;, 25.5 HEPES, and
5.5 D-glucose, pH 7.4 NaOH, plus 100 U/ml penicillin, 100 pg/ml
streptomycin, and 10% FBS (Gibco). Single fibers (750-900 for
each mouse) were isolated by mechanical dissociation with
Pasteur pipettes with decreasing tip diameters and allowed to
settle on Matrigel-coated (1 mg/ml; Corning) glass coverslips in
35-mm Petri dishes.

In vitro denervation of adult skeletal muscle fibers
Denervation effects at the endplate region were induced in vitro
(Grohovaz et al., 1993) by culturing single adult FDB muscle fi-
bers for up to 7d in a medium composed of DMEM high glucose
enriched (Sigma-Aldrich) supplemented with horse serum (5%;
Gibco), L-glutamine (2 mM), penicillin (100 IU/ml), and strep-
tomycin (100 pg/ml) at 37°C in a 100% humid air atmosphere
containing 5% CO,. The medium was renewed every 3 d. In these
experimental conditions, progressive disarray of the endplate
and the appearance of the fetal y-nAChR isoform occurred after
in vivo denervation (Henderson et al., 1987; Tarpey et al., 2018;
Gupta et al., 2020). According to the experimental purposes,
cultures were maintained in Tyrode’s solution at 37°C in a 100%
humid air atmosphere containing 5% CO, (control conditions) or
underwent specific treatments (neural agrin exposure or field
electrical stimulation; see below).

Neural agrin treatment of adult, cultured skeletal

muscle fibers

The addition of 1 nM recombinant C-terminal fragment of rat
agrin-z* (550-AG; R&D Systems) to the culture medium started
24 h after dissociation. Each experimental point was obtained
from skeletal muscle fibers isolated from the same animal and
cultured in the absence (control) or the presence of neural agrin.
Renewal of the medium was performed every 3 d and 1 nM
neural agrin was added, where applicable, at each medium
change.

Field electrical stimulation of adult, cultured skeletal

muscle fibers

The effect of field electrical stimulation was analyzed by com-
paring adult skeletal muscle fibers isolated from the same ani-
mal, cultured at 37°C in a 100% humid air atmosphere containing
5% CO, in the absence (control) and the presence of electrical
stimulation. Electrical stimulation was delivered to muscle fi-
bers using a Grass S88 stimulator (Grass Instruments). The
stimulator was connected to a device constituted by a 6-well
plate with two connection cards associated with two parallel
platinum-iridium electrodes (0.2 mm in diameter) in each well,
placed 2 cm apart and positioned 1-2 mm over the cells. Field
electrical stimulation was performed daily, for 5 h, and started
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from 24 h after dissociation. Capacitors in series with the elec-
trodes allowed the delivery of biphasic single pulses of 1 ms
width at a frequency of 1 Hz. The medium was renewed every
3d.

nAChR and IP3R1 staining

EDL muscles from controlateral and denervated hindlimbs of
each rat were dissected and rapidly frozen in liquid nitrogen.
Processing and staining were carried out on 30-pm longitudinal
cryosections postfixed with 4% (w/v) paraformaldehyde in PBS
for 45 min at room temperature, then blocked with 10% goat
serum in PBS (v/v) supplemented with Triton-X100 0.3% (v/v),
followed by incubation for 48 h at 4°C with polyclonal antibodies
against IP;R1s (1:250 in PBS, PA3-901A; Thermo Fisher Scientific
Life Sciences) or antibodies raised against a synthetic peptide
corresponding to IP;R1 aa 1829-1848 developed by Volpe et al.
(1993). Sections were extensively washed in PBS and stained
with goat anti-rabbit IgG-Alexa Fluor 488 conjugated secondary
antibodies (1:500 in PBS; A11034; ThermoFisher Scientific Life
Sciences) together with 2 pg/ml snake toxin a-bungarotoxin
(o-BuTX) Alexa Fluor 555 conjugate (B35451; ThermoFisher
Scientific Life Sciences) overnight. After the secondary anti-
bodies and the toxin were removed, slides were washed three
times and mounted using Pro Long antifade with DAPI mounting
medium (Thermo Fisher Scientific Life Sciences).

In single FDB muscle fibers, nAChRs and IP;R1s labeling was
carried out from 24 h up to 7 d after dissociation. Fixation was
carried out on coverslips with a solution of 4% (w/v) parafor-
maldehyde in PBS for 15 min at 4°C. Fibers were then per-
meabilized in PBS + Triton-X100 0.3% (v/v) for 15 min and
incubated in a blocking solution containing PBS plus 2% BSA
(Sigma-Aldrich) for 30 min. IP;Rls were stained with either
rabbit polyclonal anti-IP;Rls antibodies PA3-901A (Thermo
Fisher Scientific Life Sciences) or antibodies developed by Volpe
et al. (1993). Rabbit polyclonal anti-IP;R1s antibodies were di-
luted 1:100 in blocking solution, and cell incubation was per-
formed overnight at 4°C. Muscle fibers were incubated for 1 h at
room temperature with the secondary goat anti-rabbit Alexa
Fluor 568 conjugated antibody (1:500 in PBS; A11036; Thermo
Fisher Scientific Life Sciences) and Hoechst solution (1:2,000 in
PBS; Thermo Fisher Scientific Life Sciences). nAChRs were la-
beled by 2.5 pg/ml Alexa Fluor 488-o-BuTX in PBS supple-
mented with 0.1% BSA (v/v) for 1 h at room temperature. After
staining, fibers were washed three times with PBS and finally
rinsed with distilled water and mounted on a microscope glass.

Analysis of nAChR and IP;R1 staining

In single FDB muscle fibers, the distribution of nAChRs and
IP;R1s was analyzed on images acquired by a Nikon C1 confocal
microscope using a Plan-Apochromat 60x/1.4 (NA) oil-
immersion objective. Optical images were collected at either
0.30 or 0.35 um z resolution by sequential line scanning. Vol-
umetric analysis of the endplate nAChRs and corresponding
subsynaptic IP;R1s staining was carried out by applying Fiji
Image] software (ver 2.1.0/1.53c, National Institutes of Health).
For each endplate, a stack of images was collected through the
entire depth containing the a-BuTX visible signal. The region of
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Figure 1. Measurement of nAChR- and IP;R-stained volumes. The sketch
shows the selection of the ROl as an endplate profile identified by a-BuTX
labeling and an example of where the ROI was set to calculate the back-
ground value (BKGD) for each stack of the color channel.

interest (ROI) for the measurements was set by projecting
through the z-axis planes the most intense pixels of the a-BuTX
signal. Endplate and subsynaptic IP;R1 volumes were calculated
in the same ROI in the corresponding color channels (Fig. 1). To
each stack of images, a threshold was applied to eliminate the
fluorescent noise, and the background signal was subtracted.
The background signal of each color channel was calculated in
the ROI set as close as possible to the endplate avoiding inho-
mogeneous cell regions (BKGD; Fig. 1). The a-BuTX- and IP;R-
stained volumes were calculated as the sum of subtracted
a-BuTX- and IP;R1-stained images of each z-stack, taking into
account the step size of acquisition.

In EDL cryosections, the analysis of nAChR and IP;R1 staining
was performed using epifluorescence and confocal microscopy.
Epifluorescence analysis was done under a Leica DMR micro-
scope equipped with a Leica HCX PL Fluotar 40x/0.75 (NA) dry
objective and using the Leica Application Suite Advanced Fluo-
rescence 4.0.0.11706 software (LASAF). Confocal analysis was
carried out by a Leica SP5 confocal inverted microscope using a
Leica HCX PL Fluotar L 40x/0.60 (NA) dry objective. Confocal
images were collected at 1 um z resolution by sequential line
scanning. Due to the complexity of the tissue, the irregular IP;R1
signal made the background very variable and quantification of
IP;RI staining unreliable, thus the volumetric analysis (as de-
scribed above for FDB muscle fibers) was limited to the a-BuTX
signal. As for IP;R1 quantification, we identified the IP;R1-free
endplates, i.e., endplates in which the IP;R1 fluorescent signal in
the ROI was equal to or below the minimum background signal
value measured in the corresponding fiber.

Caged IP; photolysis and Ca?* measurements

FDB muscle fibers plated on 18-mm coverslips were incubated
with 1 uM Fluo-4/AM (Life Technologies), 0.02% pluronic F-127
(Sigma-Aldrich), 200 uM sulfinpyrazone (Sigma-Aldrich), 1 uM
ci-IPy/PM (Tocris Bioscience), and 2 pg/ml a-BuTX Alexa Fluor
555 conjugate (B35451; Thermo Fisher Scientific Life Sciences)
for 30 min at 37°C in mKRB medium (in mM: 140 NaCl, 2.8 KCl,
2 MgCl,, 10 HEPES, and 1 CaCl,, pH 7.4) supplemented with
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10 mM glucose. After washing, coverslips were mounted in Ca®*-
free, EGTA-containing (100 pM) mKRB and visualized on an
inverted microscope (Leica Microsystems DMi8 Thunder Im-
ager 3D Cell Culture) by a 20x ultraviolet-permeable objective
(HC PL FLUOTAR 340; Leica Microsystems). Fluo-4 was excited
with the white line of a CoolLED pE-340f2 (CoolLED Limited),
and the emitted fluorescence was collected with a Leica
Dmi8 GFP-filter set. Where indicated, photolysis of ci-IP;/PM
was obtained by exposing the sample (300 ms) to the output of
the unfiltered 340 and 380 nm lines of a CoolLED pE-340f2,
Fluo-4 images were acquired every 50 ms, with a 40-ms expo-
sure time by a Hamamatsu Flash 4.0 V3 camera (Hamamatsu
Photonics). After 100 s, 20 M cyclopiazonic acid (CPA; Sigma-
Aldrich) was added to release Ca2* from the sarcoplasmic
reticulum.

At the end of the experiments, a-BuTX Alexa Fluor 555 was
excited by the 555 nm line of LED8 (Leica Microsystems) to
visualize the NM]J and to select the corresponding ROIs. Images
were background subtracted and analyzed with LAS X Premium
(Leica Microsystems), calculating the ratio F/F, between the
Fluo-4 fluorescence emission collected at each frame (F) and that
collected at the beginning of the experiment (F,) in the ROIs.

Statistical analysis

Results are expressed as mean + standard error (SEM). Data
were analyzed with GraphPad Prism 4.00 (GraphPadSoftware)
and Origin 2019b (OriginLab Corporation). Shapiro normality
test was used to determine whether sample data were drawn
from a Gaussian distributed population. For parametric data,
statistical significance was determined using an unpaired t test;
for data that do not belong to a normal distribution, statistical
analysis was performed using Mann-Whitney test. Relation-
ships between volumetric analysis of the endplate and corre-
sponding subsynaptic IP;R1 stained volume were analyzed by
Spearman’s correlation test (for nonparametric data). P < 0.05
was considered statistically significant.

Results

Effect of in vivo denervation on the subsynaptic IP;R1
distribution in EDL muscle

To investigate whether denervation affects the subsynaptic
IP;R1 distribution, in vivo denervation was carried out in adult
rats using the classical procedure of sciatectomy. Sciatectomy
evokes a rapid ensuing and irreversible muscle atrophy, as
judged by a marked decrease of CSA from denervation day 3
onward (Bortoloso et al., 2006; Qiu et al., 2021, and references
therein).

In longitudinal muscle sections, identification of endplate
was carried out by nAChR labeling with a-BuTX, as shown in
Fig. 1 A for both contralateral and denervated EDL; as judged by
pretzel-like features (Fig. 2 A) and by measurements of mean
nAChR-stained volumes, endplates appeared not to be changed
at denervation day 9 (contralateral: 2,664.32 + 181.42 pm®, n = 33;
denervated: 3,074.21 + 183.55 um® n = 39; Fig. 2 B), a finding
in line with previous observations (Fumagalli et al., 1990;
Gupta et al., 2020; Walter et al,, 2021). Immune labeling of
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Figure 2. No change in endplate and a-BuTX-stained volume was ob-
served in 9-d denervated rat EDL longitudinal sections. (A) Representa-
tive images for contralateral and denervated endplates. Scale bar, 20 pm.
(B) nAChR-stained volumes measured in confocal images from contralateral
and denervated EDL are shown as a scatter plot (contralateral: 33 endplates;
denervated: 39 endplates). White and grey boxes represent the mean volume
+ SEM. ns, P = 0.06, Mann-Whitney test: data are not significantly different.

contralateral EDL with anti-IP;R1 antibodies shows a double
localization pattern, i.e., at the Z-line and in the subsynaptic area
(Fig. 3 A), as previously reported by Salanova et al. (2002) and
Powell et al. (2003). Endplates, nuclei, and IP;R1s were clearly
detectable (Fig. 3 B). Confocal scanning of EDL samples shows
that at variance with contralateral EDL (n = 33 endplates), dener-
vation caused a change in the subsynaptic IP;Rl-immunolabeling.
Tissue complexity and variable background signal discouraged any
attempt at a reliable quantification, but in about 23% of the analyzed
fibers (n = 39 endplates) the subsynaptic IP;R1-immunolabeling was
indistinguishable from the nearby regions or lower (representative
image in Fig. 3 C; see Materials and methods for further details), and
such endplates were deemed IP;R-free.

Data obtained in vivo, although preliminary and lacking
quantification of the IP;RI1-staining volume, are suggestive of a
causal relationship between innervation and expression/locali-
zation of IP;R1s at the endplates. To substantiate this hypothesis
and to explore which are the mechanisms controlling the ex-
pression and localization of subsynaptic IP;R1s, a well-established,
in vitro denervation model was investigated, i.e., isolated FDB
muscle fibers.
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Innervated and in vitro denervated FDB adult skeletal muscle
fibers: nAChR- and IP;R1-stained volumes

The endplate nAChR- and the corresponding subsynaptic IP;R1-
stained volumes were analyzed in single FDB adult skeletal
muscle fibers by confocal fluorescence microscopy after 24 hand
7 d in culture as representative of innervated and in vitro de-
nervated muscle cell elements. In fact, FDB skeletal muscle fiber
in culture is a well-established protocol to reproduce in vitro the
denervation effects at the endplate level: a decreased density of
nAChRs and the appearance of the fetal y-nAChRs isoform
(Grohovaz et al., 1993).

24 h after plating, confocal scanning microscopy displayed
nAChRs confined to the endplate region (Fig. 4, upper panel).
Analysis of the fluorescent nAChR- and IP;R-stainings revealed a
mean nAChR-stained volume of 1,100.03 + 128.51 um® and a
mean IP;R1-stained volume of 473.92 + 70.80 um? (n = 6 mice, 44
fibers; Fig. 4 B). The correlation plot of matched endplate
nAChR- and subsynaptic IP;R1-stained volumes indicated a di-
rect proportionality: the larger the endplate, the larger the
subsynaptic IP;R-stained volume (Fig. 4 C, upper graph). On
average, the subsynaptic IP;R1-stained volume corresponded to
~40% of the endplate region.

In in vitro denervated fibers, endplates displayed severe al-
terations, i.e., evident fragmentation (Fig. 4 A, lower panel).
Mean fluorescent nAChR- and IP;Rl1-stainings were reduced
respectively to 425.16 + 50.61 and 132.77 + 25.27 pm? (n = 6 mice,
31 fibers; Fig. 4 B). The correlation between endplate nAChR- and
corresponding subsynaptic IP;R1-stained volumes was main-
tained (Fig. 4 C, lower graph). However, the extent of IP;R1-
stained volume reduction was larger than that for nAChRs, and
the subsynaptic IP;R1-stained volume corresponded to ~25% of
the endplate region after 7 d of in vitro denervation.

Subsynaptic IP;-mediated Ca®* release in innervated and
in vitro denervated FDB skeletal muscle fibers
To investigate whether the reduction in the subsynaptic IP;R1-
stained volume induced by in vitro denervation determined a
change in the local IP;-mediated Ca?* signals, flash photolysis
experiments of caged IP; were performed in Fluo-4 loaded fi-
bers. Uncaging of IP; in in vitro denervated FDB adult skeletal
muscle fibers caused a subsynaptic increase in the [Ca**];, sig-
nificantly lower than in the innervated counterparts (Fig. 5 A).
The mean peak values of the subsynaptic [Ca?]; variations,
measured as F/F, (further details in Materials and methods),
were 1.07 + 0.01 in innervated (n = 44 endplates) and 1.01 + 0.01
inin vitro denervated fibers (n = 29 endplates), corresponding to
a decrease in the peak value (calculated as percentage versus
basal [Ca?*];) of ~80% in in vitro denervated versus innervated
fibers; Fig. 5 A). In our experimental conditions, the IP; pho-
tolysis entails a 1-s interruption in the acquisition (i.e., 300 ms
flash and the time required to restart postflash image acquisi-
tion), thus we cannot exclude concomitant differences in Ca2*
release kinetics undetectable by our imaging unit.

Control experiments confirmed that UV flash pulse did not
alter, per se, the levels of fluorescence (Fig. 5 A, inset).

In the analyzed Fluo-4 loaded fibers, application of 20 pM
CPA, an inhibitor of sarcoplasmic reticulum Ca?*-ATPase
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Figure 3. Absence of subsynaptic IP;R1s at endplate level in 9-d denervated rat EDL longitudinal sections. (A) In the left panel, contralateral EDL labeled
with anti-IP;R1 antibodies; in the right panel, merged image after double labeling for nAChRs and anti-IP;R1s. Scale bar, 20 pm. (B) Individual labeling of
contralateral EDL with a-BuTX, anti-IP;R1 antibodies, and DAPI. Scale bar, 20 pm. (€) Individual labeling of 9-d denervated EDL with a-BuTX, anti-IP;R

antibodies, and DAPI. Scale bar, 20 pm.

(Seidler et al., 1989), induced significantly different [Ca®'];
variations in innervated and in vitro denervated fibers (Fig. 5 B).
The corresponding mean area values were 101.00 + 12.25 (n = 44
endplates) and 65.54 + 10.77 (n = 29 endplates), respectively,
indicating a decrease of ~35% of the releasable Ca?* content in
in vitro denervated versus innervated fibers (Fig. 5 B).

In vitro denervated FDB adult skeletal muscle fibers: Effect of
neural agrin and field electrical stimulation on nAChR- and
IP;R1-stained volumes

In innervated muscle, the maintenance of the endplate appara-
tus is controlled by neural agrin and electrical muscle activity
(Lomo, 2003; Wu et al., 2010; Shi et al., 2012; Li et al., 2018).
Some experiments were planned to investigate if neural agrin
and/or muscle electrical activity control the subsynaptic distri-
bution of IP;R1s. To pursue this aim, we have taken advantage of
isolated cultured FDB skeletal muscle fibers, which offer the pos-
sibility to work in a controlled environment (i.e., in the absence of
neurotrophic factors and electrical activity) and to check the spe-
cific contribution of neural agrin and electrical activity applied
experimentally in the stabilization of the subsynaptic IP;RIs.

The effect of neural agrin was explored by comparing
nAChR- and IP;R1-stained volumes in FDB adult skeletal muscle
fibers cultured up to 7 d in control conditions and in the pres-
ence of 1 nM 90 kD recombinant C-terminal fragment of rat

Volpe etal.
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neural agrin, which contains the binding site for Lrp4/MuSK
receptor complex and induces nAChR clustering (Ferns et al.,
1993). As expected, in the presence of neural agrin, the mean
endplate nAChR-stained volume was larger (799.93 + 124.69
pm3; 5 mice, 42 fibers) than in control conditions (404.52 + 56.59
pm?; 5 mice, 28 fibers; Fig. 6). However, even if the treatment
with the neurotrophic factor caused an increase in the mean
IP;R-stained volume in in vitro denervated fibers (191.32 + 39.31
pm?; 5 mice, 42 fibers), it was statistically comparable (P = 0.18)
to the mean volume measured in the control counterparts
(120.73 + 27.21 pm?; 5 mice, 28 fibers; Fig. 6).

Similar experiments were carried out to investigate the effect
of the muscle electrical stimulation. Field electrical stimulation
was delivered daily to the FDB adult skeletal muscle fibers in
culture at a frequency of 1 Hz for 5 h. Endplate nAChRs and
subsynaptic IP;Rls volumes were measured in electrical stimu-
lated cultured FDB skeletal muscle fibers and compared to those
measured in control conditions, i.e., without electrical stimula-
tion. 4 d of electrical stimulation determined stabilization of the
endplate nAChRs: in stimulated fibers, the mean nAChR-stained
volume was 441.59 + 38.81 um? (6 mice, 34 fibers) versus the
mean volume of 278.30 + 39.42 pm® (6 mice, 39 fibers) in control
cultures. Field electrical stimulation stabilized also the sub-
synaptic IP;R1s localization: the mean IP;R1-stained volume was
138.20 + 21.67 pm? in stimulated fibers (34 fibers, 6 mice) and
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Figure 4. nAChR- and IP;R1-stained volumes
in FDB adult skeletal muscle fibers during in
vitro denervation. (A) Top: Endplate regionin a
FDB adult skeletal muscle fiber as a represen-
tative image of the innervated condition (24 h
after plating). nAChR staining with Alexa Fluor
488-a-BuTX revealed that nAChRs were local-
ized at the endplate level, and immunostaining
for IP;R1s detected a subsynaptic localization of
the receptor. Bottom: In vitro denervated FDB
adult skeletal muscle fiber (7 d in culture) as an
example of fragmented endplate and reduced
subsynaptic IP;R1s staining. Nuclei were coun-
terstained with DAPIL Images are shown as
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56.70 + 9.83 um?® in control counterparts (6 mice, 39 fibers; Fig. 7
A). Although the electrical stimulation was effective on both
volumes, the plot of matched endplate nAChR- versus sub-
synaptic IP;R1-stained volumes indicated that the two parame-
ters were not correlated (Fig. 7 B).

Discussion
Growing experimental evidence suggests that the motor neuron
stimulation pattern encodes IP;-dependent Ca2* signals

Volpe etal.
Subsynaptic IP;R1s at the NM)

in B. R = 0.72; P < 0.0001, Spearman’s rank
correlation.

T T
600 900
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regulating muscle transcriptional activity and plasticity via the
so-called ET-coupling mechanism. Direct electrical stimulation
of skeletal muscle fibers reveals the existence of an IP;-depen-
dent signaling cascade, which originates from activation of the
voltage-gated Ca?* channel (Cavl.1l) and proceeds via ATP release
through pannexin-1 channel and activation of purinergic re-
ceptors (Casas et al.,, 2022). In parallel, the localization of IP;Rs at
the NM]J and the functional interplay between nAChRs activity
and the subsynaptic IP;R-induced Ca?* release indicate that the
nerve-mediated electrical stimulation encodes also for localized
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Figure 5. Smaller subsynaptic IP;-releasable [Ca?*]; pool in in vitro denervated FDB adult skeletal muscle fibers. (A) On the left, mean traces of
subsynaptic [Ca?*]; increases measured in innervated (24 h after plating; n = 44 endplates) and in in vitro denervated FDB adult skeletal muscle fibers (7d in
culture; n = 29 endplates). Trace interruption marks the time of flash photolysis of caged IP; (Flash). Inset: Mean trace of fluorescence measured after the UV
flash in the absence of caged IP;. On the right, the scatter plot of the normalized peak values of the [Ca?*]; increases measured in in vitro denervated versus
innervated fibers after flash photolysis. White and grey boxes represent the mean peak values + SEM. *, P < 0.0001, Mann-Whitney test. (B) On the left, mean
traces of subsynaptic [Ca?*]; increases after 20 uM CPA addition upon basal [Ca?*]; recovery from photolysis. On the right, scatter plot of the normalized area
values of the [Ca?*]; changes induced by CPA application (3.5 min) in in vitro denervated versus innervated fibers. White and grey boxes represent the mean

area values + SEM. *, P = 0.0037, Mann-Whitney test.

Ca?* signals (Zayas et al, 2007; Zhu et al., 2011), which could
regulate a “synaptic” ET-coupling mechanism governing the
stability of the NMJ apparatus (Zayas et al., 2007; Zhu et al,,
2011). If IP;Rs are crucial in a synaptic ET-coupling, a reduc-
tion in their content/activity would impact directly on the effi-
cient neuromuscular transmission and muscle plasticity.

As inferred from experiments carried out on in vivo dener-
vated rat skeletal muscles obtained by sciatectomy, it appears
that innervation, i.e., an anatomical intact nerve-muscle junc-
tion, controls the distribution of the subsynaptic IP;RIs at the
endplate. In denervated EDL muscle, although quantification of
the IP;RI1 staining volume is lacking, a significant number of
IP3RI-free endplates was observed (~23%). In this respect,
preliminary experiments carried out on human muscles after

Volpe etal.
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60 d of bed rest, in which a marked disuse atrophy is provoked
in the presence of an intact and active nerve-muscle junction
(Blottner et al., 2006), indicate that subsynaptic IP;Rs are not
changed (unpublished results). Thus, innervation appears to
control distribution of IP;R1s at the NMJ, and its role seems to be
prominent also in humans. However, since there are well-
known differences in the mechanism of muscle atrophy mod-
els, in particular denervation versus disuse atrophy (MacDonald
etal., 2014), a further experimental investigation is needed to
unveil specific genetic programs and metabolic pathways
involved.

The role of innervation on subsynaptic IP;R1 distribution was
directly investigated in murine adult, isolated FDB muscle fibers.
Quantification of denervation effects and investigation of the
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Figure 6. Neural agrin stabilized endplate but did not prevent the de-
crease in the ynaptic IP;R1s staining in FDB adult skeletal muscle
fibers during in vitro denervation. When FDB adult skeletal muscle fibers
were maintained in culture in the presence of 1 nM rat neural agrin, the
endplate nAChR-stained volume was significantly larger than that of in vitro
denervated FDB adult skeletal muscle fibers in control conditions. However,
the subsynaptic IP;R1-stained volume is similar to control. Data from each
analyzed fiber are shown as a scatter plot (in vitro den: 28 fibers; in vitro den
+ agr: 42 fibers). White and grey boxes represent the mean volume + SEM
calculated under the assumption that the number of analyzed animals (five
mice) is an independent variable. ¥, P = 0.02, unpaired t test. ns, P = 0.18,
unpaired t test: data are not significantly different.

mechanisms governing the subsynaptic distribution of IP;Rls
were pursued by comparing subsynaptic IP;R1 in freshly iso-
lated (innervated) and in cultured FDB fibers (in vitro dener-
vated) maintained in different conditions.

The volumetric analysis of nAChR and IP;RI stainings in
freshly dissociated FDB skeletal muscle fibers reveals a corre-
lation between the endplate size and the subsynaptic IP;R1
volume, which supports the role of subsynaptic IP;-sensitive
Ca?* stores as a key amplifier of Ca?* influx triggered by nAChRs
activation (Zayas et al., 2007; Zhu et al, 2011). The same
quantitative analysis performed on skeletal muscle fibers, upon
in vitro denervation, revealed a decrease of the nAChRs-stained
volume associated with a reduced IP;R1 volume. The apparent
discrepancy between the substantially conserved volume of the
endplate in vivo (nAChR-stained volumes: Den, ~2,600 pm?;
Inn, ~3,074 pm?) and the fragmentation and reduced endplate
volume in vitro (nAChR-stained volumes: in vitro Den, ~470
pm?; Inn, ~1,100 pm?) could be due to either the short dener-
vation time in vivo (Fumagalli et al., 1990; Gupta et al., 2020;
Walter et al., 2021) and/or the severe conditions of denervation
in vitro, i.e., absence of the basal lamina (Glavinovic et al., 1987),
absence of neurotrophic factors, and production of nerve-
breakdown by-products, which might not occur in vivo
(Cangiano, 1985).

Volpe et al.
Subsynaptic IP;R1s at the NM)

JGP

nAChRs IP,Rs
1000, ~ —* — &
v 2
8004 :
&
£ .
° 600 :
g . :
3 B..
2 rd
3 400 P P
= . *e "
& Hy @ ¥
200+ K .
3 . B
3k E,l o
0 . L4
& ,\\2‘1’ 067'0 ,\*2‘1’
\\\ (\X \\( Q)(
\(\4 ¥ \(\4 °€>°
& &
O NS

In vitro denervated + 1 Hz

300
.

= g %

g

g 200

=

o

>

el

Q

£

S 100

mm

a
0 T T T 1
0 250 500 750 1000

nAChR - stained volume (um?)

Figure 7. Field electrical stimulation stabilized endplate and the sub-
synaptic IP;R1s staining in FDB adult skeletal muscle fibers during
in vitro denervation. (A) After 4 d of electrical stimulation, both endplate
nAChRs and subsynaptic IP;R1 volumes resulted in significantly larger vol-
umes than those of in vitro denervated FDB adult skeletal muscle fibers in
control conditions. Data from each analyzed fiber are shown as a scatter plot
(in vitro den: 39 fibers; in vitro den + 1 Hz: 34 fibers). White and grey boxes
represent the mean + SEM volumes calculated under the assumption that the
number of analyzed animals (six mice)isan independent variable. *, P = 0.01,
unpaired t test; §, P = 0.006, unpaired t test. (B) The plot of endplate nAChR-
versus corresponding subsynaptic IP;R1-stained volumes measured in elec-
trically stimulated fibers, shown in A, indicated that the two parameters were
not correlated in electrical stimulated FDB adult skeletal muscle fibers. R =
0.26; P = 0.14, Spearman’s rank correlation.

As far as in vitro denervated muscle fibers are concerned,
apart from the reduced subsynaptic IP;R1 volume, the volu-
metric analysis shows a different correlation slope between
IP;R1- and nAChR-stained volumes, i.e., a more severe reduction
for that referable to IP;Rls. This in vitro finding agrees fairly
well with the number of IP;R1-free NMJs detected after in vivo
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