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Abstract Muscle tissue is a highly specialized type of tissue, made up of cells that
have as their fundamental properties excitability and contractility. The cellular ele-
ments that make up this type of tissue are called muscle fibers, or myofibers, because
of the elongated shape they have. Contractility is due to the presence of myofibrils
in the muscle fiber cytoplasm, as large cellular assemblies. Also, myofibers are
responsible for the force that the muscle generates which represents a countless
aspect of human life. Movements due to muscles are based on the ability of muscle
fibers to use the chemical energy procured in metabolic processes, to shorten and
then to return to the original dimensions. We describe in detail the levels of organi-
zation for the myofiber, and we correlate the structural aspects with the functional
ones, beginning with neuromuscular transmission down to the biochemical reac-
tions achieved in the sarcoplasmic reticulum by the release of Ca** and the cycling
of crossbridges. Furthermore, we are reviewing the types of muscle contractions
and the fiber-type classification.
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2.1 General Description of Skeletal Muscle Structure

Movement is one essential characteristic of living creatures, its forms becoming
varied and highly complex in the humans for which it is specific. Due to active
movements, humans gain greater independence toward changes in their environ-
ment. Motor actions, results of contractions and relaxations of the muscles, rep-
resent the expression of the volitional aspect of the act of communication, while
mimic muscles, voice, and writing express aspects of the human personality. In
this sense, the nervous and muscular systems form a functional unit.

In the human body, the skeletal muscles represent about 40% of the total
weight, being the most abundant tissue. Skeletal muscles are specially designed
to perform contractions based on their characteristic properties such strength,
flexibility, and plasticity [1]. They allow various actions to be taken from writing
to weight lifting or jumping. Muscle contraction is involved in a series of impor-
tant physiological processes such as breathing or heat generation, in maintaining
normal body temperature. Human skeletal muscles are made up of muscle fibers
(myofibers) and other different types of cells (adipocytes, fibroblasts, satellite
cells, smooth and endothelial cells which are part from the vessel walls, neurons,
and Schwann nerve cells) [2]. The main source of energy that provides ATP for
contraction is glycogen. After contraction, there are three major systems for the
replenishment of ATP: the phosphagen system (ATP-creatine phosphate sys-
tem), the glycolytic system, and the mitochondrial oxidative phosphorylation
system [3].

2.1.1 Embryology and Postnatal Development
of the Myofibers

Skeletal muscles are derived from the paraxial mesoderm, along the embryonic
development being divided into somites [4]. Each group is divided into three divi-
sions: sclerotome (vertebrates), dermatome (which forms the skin), and myotome
(which forms muscles) [5]. During development, myoblasts (muscle progenitor
cells) that originated from mesenchymal stem cells may remain in somites to com-
pose muscles of the spine; otherwise they participate in the formation of other mus-
cles [6]. In the development of striated muscle fibers of the postnatal period, the
satellite cells are also involved, and they are also responsible for the regeneration of
the muscles in the adult [7, 8]. Skeletal muscle fibers develop through the fusion of
myogenic progenitors (myoblasts) forming muscles in a process known as myogen-
esis [9]. Myogenesis is regulated by a series of transcription factors, including Pax
3, Pax 7, and Gli, and four myogenic regulatory factors: MyoD, Myf-5, myogenin,
and MRF-4 [10, 11].
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2.1.2 Organizational Hierarchy of Skeletal Muscle

Skeletal muscles are hierarchically comprised of muscle fascicles and muscle fibers,
which are made of myofibrils (arranged in parallel), are further divided into myofila-
ments and sarcomeres (arranged in series), and are ultimately broken down into
structural proteins. In skeletal muscles, there is a close relationship between the
muscle fibers and the connective tissue responsible for providing the nourishment of
the muscle and the transmission of the force. Thus, each striated muscle is sur-
rounded on the outside by a fibrous structure called fascia (dense lamellar connec-
tive tissue), which is anchored by epimysium (dense semi-coordinated connective
tissue) [12]. The epimysium, consisting of collagen, reticular, and elastic fibers, pro-
vides the shape of the muscle and contains blood vessels and nerves. From the epi-
mysium start connective septa — perimysium — which delimits and wraps muscle
bundles. The internal perimysium envelops the primary muscles, and the external
perimysium covers the secondary and tertiary muscle bundles [13]. Several muscle
fibers form a primary fascicle, some primary fascicles form a secondary fascicle,
and some secondary fascicles form a tertiary fascicle. In the connective tissue of
perimysium, there are vessels, nerves, and proprioceptors (neuromuscular spindles,
Vater-Pacini corpuscles, Ruffini corpuscles). Each muscle fiber is wrapped in endo-
mysium, composed mainly of reticulin fibers (type III collagen) and rare type I col-
lagen fibers. Endomysium contains numerous blood capillaries and nerve fibers, but
there are no lymph capillaries (Fig. 2.1). All these connective structures represent
10-15% of the volume of the muscle and form a sort of “skeleton” of the muscle that
modulates and controls its activity [14]. The number of fibers ranges from several
hundred in small muscles to >1 million in large muscles. Muscle fibers are inner-
vated by somatic efferent (motor) neurons which participate in the formation of a
motor unit consisting of axonal terminals and skeletal muscle fibers that it innervates
[15]. Each muscle is formed by tens or hundreds of motor units, each with own
specificity that allows the same muscle from the same species and in different spe-
cies to be used for various tasks [16]. These vary from continuous low-intensity
activities, like posture keeping in humans and supporting their body weight, to per-
forming movements in a large variety of situation (e.g., locomotion) that involve
repeated submaximal contractions and fast and strong maximal contractions (jump-
ing, kicking) [16]. To deal with these divergent activities, muscle cells have been
provided with large differences in their contractile properties and metabolic profile,
the nerve activity being a major determinant of the fiber-type profile [16].

2.1.3 Skeletal Muscle Cells: General Characteristics
and Morphological Aspects

The skeletal muscle fiber is a cylindrical cell, with a length that can range from
2-3 cm up to 50 cm (with an average of 10 cm in men) and a thickness between 10
and 100 pm. From the ultrastructural point of view, skeletal striated muscle fibers
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Fig. 2.1 The three connective tissue layers of a skeletal muscle. The muscle is surrounded by a
connective tissue sheath called epimysium. Bundles of muscle fibers, called fascicles, are covered
by the perimysium. Each skeletal muscle fiber is covered by the endomysium. (Image credit:
download for free at http://cnx.org/contents/14fb4ad7-39al-4eee-abbe-3ef2482e¢3e22@8.119)

describe all three classical components of a cell: membrane (sarcolemma), cyto-
plasm (sarcoplasm), and numerous peripheral nuclei. The myofiber contains up to
100-200 nuclei representing the largest cell in the body. Each myofiber contains
long, thin, cylindrical rods, called myofibrils, usually 1-2 pm in diameter, which
run parallel to the long axis of the muscle fiber occupying most of the intracellular
space [17]. As a consequence, cell organelles, like mitochondria and nuclei, are
pushed to the periphery of the sarcoplasm. Myofibrils are about 2500 per fiber, and
each one contains approximately 8000 repetitive units called sarcomeres (2.7 pm in
length for the human muscle), which are joined end to end [18]. Each sarcomere is
delineated between two Z lines and is made up of myofilaments comprised of thick
and thin filaments (Fig. 2.2), the thick one consisting in myosin and the thin com-
posed of actin, troponin, and tropomyosin [19]. In fact, sarcomere periodicity is
responsible for the distinctive banding pattern of striated muscle, which can be
observed in light and electron microscopy. Myofibrils are specific contractile
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Fig. 2.2 Muscle fiber. A skeletal muscle fiber is surrounded by a plasma membrane called the
sarcolemma, which contains sarcoplasm, the cytoplasm of muscle cells. A muscle fiber is com-
posed of many myofibrils, which give the cell its striated appearance. Each myofibril is a succes-
sion of sarcomeres. Each sarcomere is delineated between two Z lines. (Image credit: download for
free at http://cnx.org/contents/14fb4ad7-39al-4eee-ab6e-3ef2482e3e22@8.119)

organelles, arranged parallel to each other and to the longitudinal axis of the muscle
fiber. They can take up between 80 and 86% of the cell volume. Myofibrils are com-
posed of thin and thick myofilaments, parallel to each other. Myofilaments are
accompanied by regulatory proteins (tropomyosin and troponin) and stabilizing
proteins [17].

In a longitudinal section, skeletal muscle fibers appear as parallel, organized,
multinucleated structures (plasmodial aspect), with hundreds of fallen, pliable
nuclei distributed across the length of the fiber and placed subsarcolemmally.
Sometimes the round-oval nuclei of the satellite cells can be seen outside the myo-
fiber [20]. Sarcoplasm is almost entirely occupied by striated myofibrils. These are
parallel to the long axis of the skeletal muscle fiber and placed so that all the clear
and dark disks overlap perfectly, giving the fiber the striated appearance (Fig. 2.3a).
These transverse strains are less obvious in the usual staining techniques but readily
detectable with Heidenhain’s hematoxylin. By this method, it is possible to empha-
size, especially in the immersion objective, the alternation of clear I band bisected
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Fig. 2.3 Light microscope slide of skeletal muscle stained by H&E. (A) Longitudinal section
depicting the A bands which are stained dark and the I bands which are lighter forming the
so-called striations. (B) A cross section of skeletal muscle — one cannot see the striations, but in the
bundles of circles that contain mosaic-like figure formed by a group of myofibrils separated by a
clear interstitial substance called “Cohnheim fields,” you can identify the peripherally located
nuclei (dense purple spots around the large pink fibers). Courtesy of Dr. Adrian Dumitru

by Z line (for Zwischen-Scheibe meaning interim disk) and dark A band containing
the clear H band (for HelleScheibe), halved by M line (for mittel — middle). The
myofibrils are grouped in bundles called Leydig colonnettes (Koelliker) separated
from each other by acidophilic sarcoplasm [21].

In the cross section, the muscle fibers have a polygonal contour (due to tight
wrapping of the cells) or round-oval, with 1-3 nuclei surprised in the section field,
and there is a punctual aspect given by the organized myofibrils in the Cohnheim
areas or fields (clusters of points delimited by clear spaces) in the cytoplasm
(Fig. 2.3b). The cross-sectional area of an individual muscle fiber ranges from
approximately 2000 to 7500 pm?.

As observed in the transmission electron microscope, sarcolemma has the clas-
sical structure of a plasmalemma and is surrounded by a glycoprotein/glycosami-
noglycan layer similar to a basal lamina of epithelia. Reticular fibers are also
present in its structure, mingled with those from the endomysium. At each end of
the muscle fiber, this surface layer is lost between the tendinous fibers with which
it merges. Satellite cells are located between the basal lamina of the muscle fiber
and sarcolemma, closely intimate with the muscle fiber whose sarcoplasm is
deformed to the inside by the satellite cells, the outer surface of the fiber being not
deformed [22, 23].

Sarcolemma has inward extensions (invaginations) into the sarcoplasm and
forms the T (transverse) tubule system — T system:
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— It builds a very branched network filled with extracellular fluid that prolongs the
extracellular space in the depth of the cell up to the vicinity of the contractile
structures; this system together with a pair of terminal cisterns of the sarcoplas-
mic reticulum forms triads [24]; T tubules penetrate to all levels of the muscle
fiber.

— It is perpendicular to the plane of the membrane at the junction where the A and
I bands of the myofibrils overlap and where a mesh surrounding each myofibril
is formed. In this way, ions and signal molecules can reach up to the contractile
structures [25].

— Sarcolemma of the T tubules is intertwined with a large number of L-type cal-
cium channels, designed to propagate the potential of action initiated at the neu-
romuscular junction within the muscle fiber.

Sarcolemma itself contains the integral proteins and ion pumps (ATPase, adenyl-
ate cyclase, 5'-nucleotidase) to control plasma ATP concentration. Also, at the level
of the sarcolemma are described the costameres — structural-functional components.
Costameres are subsarcolemmal assemblies of proteins aligned across the circum-
ference of the skeletal fiber at the Z lines and have the role of physically coupling
the force generated by sarcomeres with sarcolemma, tethering the sarcomere to the
cell membrane [26-28]. The DAG (dystrophin-associated glycoprotein) complex
contains various integral and peripheral proteins, such as dystroglycan and sarco-
glycan, which are thought to be responsible for the connection between the internal
cytoskeletal system of myofibers (actin) and the structural proteins within the extra-
cellular matrix (such as collagen and laminin) [29]. Through this complex, sarco-
lemma ensures the binding of the sarcomere to the extracellular connective tissue.
If the complex comes to be associated with desmin, the respective regions turn out
to be involved in signaling. Proteins associated with dystrophin-glycoprotein com-
plex might be dysfunctional, leading to myopathies, which manifest by progressive
muscle damage and impairments in regeneration [29]. Caveolae are sarcolemmal
invaginations existing in the regions of the membrane microdomains rich in caveo-
lin-3 and organized into multilobed structures which provide a large reservoir of
surface-connected membrane underlying the sarcolemma. Besides acting as cellular
devices involved in the concentration and functional regulation of various signal
molecules [30], caveolae can protect the muscle sarcolemma against damage in
response to excessive membrane activity [31].

The skeletal muscle fiber contains numerous nuclei (30—40 nuclei/cm long),
oval-elongated (8—10 pm) and rich in heterochromatin. The nuclei are disposed in
the peripheral sarcoplasm immediately beneath the sarcolemma, with their long
axis parallel to the fiber and in alternate positions. Their number is higher at the
level of the motor end plates and the myotendinous junctions, where they form
agglomerations [12].

Sarcoplasm is a component found among myofibrils and can vary in quantity
depending on the type of skeletal fiber in which it is found (red muscles, rich in
cytoplasm; white muscles, little sarcoplasm) [32]. It also contains common and spe-
cific organelles and various inclusions (glycogen, lipid, pigments).
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Common Organelles Mitochondria are located in the sarcoplasm in the vicinity of
the nucleus or among the bundles of myofibrils — intermyofibrillar [33]. The number
of mitochondria is higher at the Z line and in the I band where they have a long axis
parallel to the long axis of the muscle fiber and are very numerous in high-speed
skeletal fibers.

Specific Organelles Sarcoplasmic reticulum (SR) can be considered as a muscle-
specific organelle, although it is, actually, the smooth endoplasmic reticulum spe-
cialized in calcium release/storage [34]. The sarcoplasmic reticulum describes a
dilated portion (junctional SR) in contact with the T tubules and a binding portion
(free SR). In the SR lumen, calcium is linked to calsequestrin and has a concentra-
tion of 10*-10° times higher than cytoplasmic calcium. The action potential of the
sarcolemma is led up to the neighborhood of the SR through the T-tubes and deter-
mines the release of calcium from SR cisterns through membrane ion channels. The
calcium concentration in the sarcoplasm increases from 1077 to 1075 and triggers the
contraction. Calcium reuptake is performed by an enzyme, the Ca** pump, with ATP
consumption, against the concentration gradient, the consequence being the decrease
of calcium in the sarcoplasm followed by relaxation [35].

Muscle contraction is triggered by electrical activity induced at the level of the
transverse tubules and the membrane cell surface. The scientific research is cur-
rently focusing on the correlation between two major components, respectively, SR
and T tubules. This interaction is mediated by the dihydropyridine receptors
(DHPRs) and by ryanodine receptors (RyRs). These channels are implicated in cal-
cium release mechanism. Optimal functioning of the skeletal muscles requires three
essential processes, respectively, storage, discharge, and recovery of calcium. In
these mechanisms are implicated three classes of SR calcium-regulatory proteins:
luminal calcium-binding proteins, SR calcium release channels, and sarcoplasmic
reticulum Ca*-ATPase (SERCA) pumps. The first category includes calsequestrin,
histidine-rich calcium-binding protein, junctate, and sarcalumenin and is involved
in calcium storage, while the second category (type I ryanodine receptor or RyR1
and IP3 receptors) is implicated in calcium release. Calcium recovery is provided by
SERCA pumps [36]. Triads are specialized complexes consisting of a centrally
located T tubule and flanked by two junctional sarcoplasmic reticulum cisterns [37,
38]. They are located adjacent to the boundary between A and I bands and are
designed to ensure a smoothing of muscle fiber contraction.

Myofibrils are the specific contractile organs parallel to each other and the longi-
tudinal axis of the muscle fiber, occupying between 80 and 86% of the cell volume.
Myofibrils are composed of thin and thick myofilaments, parallel to each other, and
are responsible for the striated nature of the muscle fiber. The skeletal fiber-specific
band (cross striations) can be seen in optical microscopy as an alternation between
dark A bands (anisotropic under polarized light, dark in phase contrast) and bright I
bands (isotropic under polarized light, bright in phase contrast). In the middle of the
bright bands, the narrow, dense lines, the Z lines or Z disks, can be seen (Fig. 2.4).
The orderly arrangement of myofibrils is conferred by solidarization, by means of
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Fig. 2.4 Transmission electron micrograph (TEM) of a longitudinal section through the skeletal
muscle. The striations are due to the presence of sarcomeres consisting of the darker bands — A
bands (includes a lighter central zone, called the H band) — and the lighter bands, I bands. Each I
band is bisected by a dark transverse line called the Z line flanked by mitochondria. Paired mito-
chondria are on either side of the electron opaque Z line. The Z Line marks the longitudinal extent
of a sarcomere unit

intermediate filaments of desmin. The Z disks are solidarized between the adjacent
myofibrils via plectin. The segment comprised of two Z-membranes (disks) is a
sarcomere (the Krause muscular box) — the morpho-functional unit of the ribbed
myofibril. The sarcomere is the functional unit of the myofibril and consists of an A
band and two clear halves of I band and has a length of 2-3 pm. In electron micros-
copy, it is observed that the A band (1.5 pm long) is electron-dense and is crossed
through by a clear area — H band (Hensen) through which a fine membrane passes —
the M line (Mittel — middle line), hard to observe in optical microscopy. The I band
(0.8 pm long) is transparent to the electron beam. The middle of clear bands is
crossed by a thin membrane — Z (Stria Amici or Krause’s membrane) membrane.
Myofilaments include:

— Thick filaments, ~ 1.500 per sarcomere (15 nm in diameter and 1.5 pm long),
disposed in the middle of the sarcomere and forming the A band.

— Thin filaments, ~3000/sarcomere (7 nm in diameter and 1.0 pm long), form the I
band but also participate in A band formation.

While A band contains thick and thin filaments (a thick filament is surrounded by
six thin filaments), I band is formed only from thin myofilaments. The H band is
composed only of thick myofilaments solidified at the M band by cytoskeletal
filamentous proteins. The Z band consists of actin-like filament anchor proteins:
a-actinin, CapZ, and nebulin.
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2.1.4 Molecular Organization of Myofilaments in Striated
Muscle Fiber

The myofibrils are composed of proteinaceous structures, called myofilaments,
which are different in size. Myofilaments are the actual contractile-specific organ-
elles of striated muscles, made of individual filamentous polymers of myosin II
(thick filaments) and actin and specifically associated proteins.

Thin Filaments Thin myofilaments contain actin, tropomyosin, troponin, and
other associates. The thin filaments are mostly made up of a globular monomeric
protein called G-actin (globular) — about 300 individual molecules. They measure
8 nm in diameter and extend from the Z line for a length of ~ 1.0 pm [19]. The
G-actin monomers combine to form a long polymer chain F-actin (filamentous).
Each G-actin molecule of the thin filaments has a myosin-binding site, which in
resting stage is protected by tropomyosin molecule. Because all the actin mono-
mers are oriented in the same direction, actin filaments have a distinct polarity and
their ends (called the plus and minus ends). Two such actin polymers intertwine in
a helical fashion to form a thin filament strand. Thin filaments are oriented in oppo-
site directions at each Z line of a sarcomere, which is essential for the production
of contractile forces [39]. Tropomodulin is intended to cover the end of the actin by
preventing the addition of new actin G monomers. The F-actin filament has a spe-
cific polarity with a tropomodulin-coated end that penetrates the thick filaments
which is called minus (—) end and a plus (+) end that anchors to the Z membrane
by the CapZ protein when the filament reaches the right length. Then, the plus end
of each filament is bound to the Z line by a-actinin (bundles thin filaments into
parallel arrays and anchors them at the Z line) with nebulin assistance [40]. The
minus end extends toward the M line and is protected by tropomodulin, an actin
capping protein. Nebulin anchors through the terminal carboxyl-terminus at the Z
lines and with the amino-terminal ends at the A band [41]. Nebulin is an inelastic
filamentous protein that twists around the actin filament by packing with actin,
troponin, and tropomyosin molecules [41]. The nebulin is linked with thin fila-
ments through tropomodulin and Z line proteins, being involved in establishing
their length [26].

Tropomyosin is a fibrous protein consisting of rods (40 nm each) linked head-tail
and is located in the grooves of the double helix of actin F. Tropomyosin has two
a-helical polypeptides that bind laterally to seven contiguous actin subunits as well
as head to tail to neighboring tropomyosins, forming a continuous strand along the
whole thin filament. Troponin is a complex oligomeric protein and has three com-
ponents: troponin C (Ca?*-binding), troponin I (inhibitory), and troponin T (tropo-
myosin binding) [42].

In striated muscles, the concentration of Ca** influences the complex formed
from tropomyosin molecules and troponins; thus at low calcium concentration,
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muscles do not contract. If the level of Ca?* is higher, muscle contraction is initiated
[26, 43].

Thick Filaments These filaments are 12—16 nm in diameter and ~ 1.6 pm long and
are packed in a hexagonal array on 40-50 nm centers throughout the A bands [19].
Each thick myofilament contains approximately 250 myosin II molecules arranged
antiparallel and associated with myomesin, titin, and protein C. The myosin II class
includes various muscle myosins and cytoplasmic myosins that also have two heads
and long coiled tails. The assembly of tails into bipolar filaments allows myosin II
to pull together oppositely polarized actin filaments during muscle contraction.
Myosin II, a 510 kDa, long, rod-shaped, actin-associated motor protein, is an asym-
metric dimer composed of two heavy polypeptide chains (222 kDa each) and four
light chains (two regulatory chains and two essential chains). Heavy chains form a
structure called a tail or stick, twisted in the form of a helix, but it also enters the
constitution of a large part of the globular ends. The ends of the myosin molecule
contain, besides heavy chains, the associated light chains, one of 20 kDa (LC20)
and one of 17 kDa (LC17). LC20 comprises the phosphorylation site by MLCK
(myosin light chain kinase).

Myosin molecules in striated muscle aggregate tail to tail to form bipolar thick
myosin filaments; the tails overlap so that the globular heads protrude from the thick
filament at regular intervals to form transverse bridges. In the middle of the fila-
ment, there are not any globular projections.

The regions of the myosin heads contain distinct actin-binding sites, ATP hydro-
lysis, and association of light chain subunits. By limited proteolysis, myosin can be
divided into two functional domains due to the presence of protease-sensitive sites
in the hinge region and the head-tail junction. Under the controlled action of trypsin,
light meromyosin (LMM) is formed — the region in which myosin molecules inter-
act to form filaments — and heavy meromyosin (HMM) is the transverse bridge (the
tail and the two globular ends). HMM can be cleaved under the action of papain in
two subfragments: S2 representing the rest of the tail and S1 (representing the two
globular ends) containing the ATP and actin-binding sites.

Several accessory proteins stabilize thick filaments. The M line in the center of
the sarcomere is a three-dimensional array of protein cross-links that maintains the
precise registration of thick filaments. M line proteins include myomesin, M pro-
tein, obscurin, and muscle creatine phosphatase. The interaction between the heavy
and light chains determines the speed and strength of muscle contraction. The myo-
sin head has two specific binding sites, one for ATP with ATPase activity and one
for actin [26].

Myomesin is a protein that solidarizes the filaments at the level of line M. The
protein C binds to the myosin in the vicinity of the M line at the end of the thin fila-
ment at the intersection of A and I bands.

Titin is a large (2500 kDa) protein, which spans half of the sarcomere, and is
responsible for the axial periodicity of myofilaments because it maintains
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three-dimensional relationships by keeping the thick and thin filaments in proper
alignment. Titin is named after the mythological giants, due to its remarkable size:
more than 30,000 amino acids folded into a linear array of 300 immunoglobulins
and fibronectin II measuring more than 1.2 pm long. The amino terminus end of
the titin molecule completely crosses the Z lines and is anchored to o-actinin. At
the Z band, the titin molecules in the adjacent sarcomeres overlap. The carboxy
terminus end traverses the entire M line and overlaps the titin molecules in the
other half of the sarcomere and binds to the myomesin. At I band, titin interacts
with actin molecules and at A band interacts with protein C. If titin molecules are
broken experimentally, thick filaments slide out of register toward one Z disk dur-
ing contraction.

Desmin helps to align the sarcomere laterally by linking each Z disk to its neigh-
bors and to specialized attachment sites on the plasma membrane (intermediate fila-
ments that interconnect adjacent myofibrils).

The interaction of these myofibrillar proteins allows muscles to contract.

2.2 Skeletal Muscle Contraction Mechanism

2.2.1 Neuromuscular Transmission

Skeletal muscle works under voluntary control. Muscles will contract or relax when
they receive signal from the nervous system. The control of skeletal muscle fibers is
performed by alpha motor neurons located in the anterior horns of the spinal cord
and in motor nuclei of the origin of the cranial nerves. A neuron, along with the
specific muscle fibers that it innervates, is called a motor unit. The axons of the
neurons branch as they are adjoining the muscle, giving rise to terminal branches
that end on individual muscle fibers. The neuromuscular junction is the site of the
signal exchange where synaptic bulb of an axon and a muscle fiber connect. The
axon ending is a typical presynaptic structure which contains numerous mitochon-
dria and synaptic vesicles that contain the neurotransmitter acetylcholine (ACh).
The neuron that carries the action potential is known as the presynaptic cell and the
cell receiving it (muscle cell) as the postsynaptic cell. The neurotransmitter is
released in the synaptic cleft, the space between the axon terminal and the muscle
cell (the space contains amorphous basal lamina matrix). Motor end plate is a region
of the sarcolemma that participates in the synapse having ACh receptors. The nico-
tinic ACh receptor in striated muscles is a transmitter-gated Na* channel. Binding of
ACh opens Na* channels, causing an influx of Na* into striated muscle cell. These
channels are not voltage-gated, and they will open only when the ACh attaches to
them. Once open, they will allow the passage of sodium ions into the muscle cell,
down their electrochemical gradient.
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2.2.2 Excitation-Contraction Coupling (Exposure of Active
Sites)

When sarcolemma is depolarized, an action potential (AP) is generated and triggers
muscle cell contraction. The AP initiated on the membrane surface spreads radially
in all directions, spanning the entire surface and then penetrating deep into the cell
via T tubule (invaginations of the sarcolemma). Due to these tubules, the action
potential can spread along the muscle cell evenly and quickly [44]. As the AP
reaches the membrane of the sarcoplasmic reticulum, it makes it permeable to cal-
cium ions. Once the calcium is inside the cytosol, it can interact to thin filaments to
initiate contraction. T tubules show numerous L-type voltage-dependent Ca** chan-
nels. The change in potential difference opens the Ca’**channels and allows the cal-
cium to penetrate into the cell according to the concentration gradient. This type of
calcium channels is also called dihydropyridine (DHP)-dependent channels because
they can be blocked by dihydropyridine. The amount of Ca?* penetrated through
these channels is small and incapable to trigger muscle fiber contraction. However,
activation of these dependent Ca?* DHP channels is mandatory in triggering the
contraction. Activation of Ca** L-type-dependent channels (DHP dependent) drives
two mechanisms:

— The flow of Ca* through the channel produces conformational changes in the
subunits that compose it. Through the proximity of the T tubule with the sarco-
plasmic reticulum within the triad, intimate contact is allowed between the
dependent DHP channels and the Ca®* channels of the sarcoplasmic reticulum
and the RyRs-dependent channels. Activating dependent Ca** DHP channels
activates RyRs-dependent channels [45].

— The release of Ca** from the sarcoplasmic reticulum increases the concentration
of Ca?* approximately 107 to 10~> M. The bond between troponin-tropomyosin
complex and actin becomes weak. The action potential causes a short-lived con-
formational change in DHP receptors that is transmitted directly to the associ-
ated RyRs Ca** release channels. Cytoplasmic Ca?* binds to troponin C. Troponin
changes position, pulling tropomyosin away from the active sites. This shift
increases the probability that myosin-ADP-Pi heads will bind to the thin fila-
ment, dissociating their bound Pi and producing force. Ca** binds to troponin C
rapidly (milliseconds) but dissociates slowly (tens of milliseconds) [46].

2.2.3 The Main Steps Involved in Muscle Contraction

The interaction between myofibrillar proteins myosin (the thick filament) and actin
(the thin filament) allows muscles to contract. This fact was demonstrated long
before the fine structure of the myofibril became known. In 1954, the mechanism of
muscle contraction, based on muscle proteins that slide past each other to generate
movement, was suggested by Andrew F. Huxley and is known as the sliding
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Fig. 2.5 The sliding filament model of muscle contraction. When a sarcomere contracts, the Z
lines move closer together, and the I band becomes smaller. The A band stays the same width. At
full contraction, the thin and thick filaments overlap completely. (Image credit: download for free
at http://cnx.org/contents/14fb4ad7-39al-4eee-abbe-3ef2482e3e22 @8.119)

filament model of contraction [47—49] (Fig. 2.5). The movement of muscle in mam-
malian species is directly dependent on the hydrolysis of ATP as its source of energy
[1]. The first step is represented by the exposure of actin active sites. In a second
step, myosin crossbridges bind to actin active sites. ATP binds to myosin head and
induces conformational changes of the actin-binding site. The third step is repre-
sented by cycles of the myosin heads. The light chain enzyme of the myosin head
allows ATP cleavage in ADP and Pi. As a result of the dissociation of the macroergic
bond, part of the energy is released, and the head of myosin bends from an angle of
90 degrees to an angle of 45 degrees with the advancement of the actin filaments by
11 nm [50]. After crossbridge attachment, the energy is released as the myosin head
pivots toward the M line. This action is called the power stroke. When adenosine
diphosphate (ADP) and Pi are released, both products remain bound to the myosin
head. The fourth step consists of the detachment of crossbridges [51]. Another ATP
binds to the myosin head, and the link between the actin active site and myosin head
is broken. The active site is now exposed and able to interact with another cross-
bridge. When a muscle is stimulated to contract, the myosin heads start to walk
along the actin filaments in repeated cycles of attachment and detachment. During
each cycle, a myosin head binds and hydrolyzes one molecule of ATP. Myosin mol-
ecule moves the tip of the head along the actin filaments toward the plus end. This
movement, repeated with each round of ATP hydrolysis, propels the myosin mole-
cule unidirectionally along the actin filament. In the last step, the reactivation of
myosin occurs when myosin heads split ATP and myosin head is in the resting
position (Fig. 2.6). The contraction stops by Ca?* returning to the sarcoplasmic
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Fig. 2.6 (a) The active site on actin is exposed as calcium binds to troponin. (b) The myosin head
is attracted to actin, and myosin binds actin at its actin-binding site, forming the crossbridge. (c)
During the power stroke, the phosphate generated in the previous contraction cycle is released.
This results in the myosin head pivoting toward the center of the sarcomere, after which the
attached ADP and phosphate group are released. (d) A new molecule of ATP attaches to the myosin
head, causing the crossbridge to detach. (e) The myosin head hydrolyzes ATP to ADP and phos-
phate, which returns the myosin to the cocked position. (Image credit: download for free at http://
cnx.org/contents/14fb4ad7-39al-4eee-abbe-3ef2482e3e22@8.119)
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reticulum via the SERCA pump. The SERCA pump is found in the membrane of the
sarcoplasmic reticulum and plays a role in pumping Ca** against the concentration
gradient. Pump activity is controlled by phospholamban, regulated in turn by
B-adrenergic receptors. f-Adrenergic stimulation is followed by phosphorylation of
phospholamban (activated form) followed by inhibition of Ca?* pumps with
increased concentration in the cytoplasm and increased contraction force.

Because all the sarcomeres contract together, the entire muscle shortens at the
same rate. When a skeletal muscle fiber contracts the H bands and I bands get
smaller, the overlapping zones get larger, the Z lines move closer together, and the
width of the A bands remains constant. The contraction ends once the fiber has
shortened by 30% (elimination of the I bands) [52, 53].

2.2.4 Types of Muscle Contractions

Single direct electrical stimulation of a muscle, or indirect through the motor nerve,
with a constant current of a certain intensity and duration, causes a muscular twitch
(rapid shortening followed by a return). Twitch is an elemental, biologically active
functional manifestation of muscle contractility consisting of its shortening and ten-
sion development. Twitches can be experimentally produced by applying an electric
current to a motor nerve. Under physiological conditions, there are no twitches.
Shiver, contraction of extraocular muscles, and other types of contractions, even if
they are short-duration contractions, require a short-term discharge of a large num-
ber of nerve impulses [54].

During twitch, a series of steps are described that follow the unique stimulation
of the fiber muscle:

— There is a latency phase of approximately 5 ms from the initiation of the process
to the beginning of the contraction. This is given by the time required to propa-
gate the action potential and the time required to mobilize Ca’* from the sarco-
plasmic reticulum.

— There is a contraction phase of about 15 ms when the increased concentration of
Ca?" in the cytosol allows actin-myosin coupling that corresponds to muscle
shortening and muscular force generation.

— There is relaxation phase, longer than 25 ms, in which the Ca*" concentration in
the cell slowly decreases by pumping it into RS, followed by the decrease of the
actin-myosin bridges.

Physiologically, all contractions of the skeletal muscles are done by tetanus con-
traction. Tetanus contraction is a summary of twitches. Strong, efficient, variable-
duration contraction is achieved. The contraction of the heart muscle is a response
to a single stimulus, but due to the long duration of the action potential, the cardiac
twitch is entirely different from the skeletal muscle. Increasing the frequency of
stimulation of the muscle fiber generates a continuous and stronger contraction than
the twitch. When the stimulus frequency is low during the contraction period,
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incomplete relaxation periods will occur, and muscle tension will be inconsistent.
This type of contraction is called incomplete tetanus. If the stimulation frequency
does not allow relaxation periods during muscle contraction, a plateau of muscle
tension appears, and the contraction is called complete tetanus. The developed force
is maximal, superior to both twitch and incomplete tetanus contraction [54].

Muscle fiber generates tension through the action of actin and myosin cross-
bridge cycling. While under tension, the muscle may lengthen, shorten, or remain
the same. Muscle activity in the body is a combination of the isometric, isotonic,
and auxotonic forms of contractions. An isometric contraction occurs when the con-
tracting muscle is fixed to both extremities. Thus, the length of the fibers does not
change during contraction, but the increase in muscle tension occurs [55]. The anti-
gravity muscles, those which maintain the posture, and the masticatory muscles
used in the process of crushing food perform isometric contractions. Isotonic con-
traction is performed by the muscle that raises a weight. During contraction, its
length is reduced, but the tension is remaining unchanged. Isotonic contractions are
characteristic of the movement of limbs in the process of walking or lifting of con-
stant weight [56]. There are two types of isotonic muscle contraction: concentric
and eccentric muscle contraction. In concentric muscle contraction, muscle fibers
shorten as tension in the muscle increases, as when lifting a weight. In eccentric
muscle contraction, although the actin and myosin filaments within the muscle
fibers contract (to produce the force needed), the fibers themselves also slide along-
side each other resulting in the overall lengthening of the muscle [57]. Muscle
lengthens as tension in the muscle increases, as when slowly lowering a weight.
Auxotonic contraction is an intermediate functional manifestation. During the con-
traction, the muscle shortens but with the progressive increase of the tension.
Auxotonic contractions are combined with the previous ones in the work process
when the superior muscular force defeats a growing external force [58].

2.3 Biochemical Diversity of Skeletal Muscle

In the last decade, the biochemical, structural, and functional properties of myofi-
bers were intensively studied, but understanding molecular processes regulating
fiber-type diversity is still poorly understood, due to the heterogeneity of cell types
present in the skeletal muscle organ [2].

Skeletal muscle is a complex and versatile tissue composed of a variety of func-
tionally diverse myofibers which reach their normal length at puberty (13—15 years).
Regarding the mean fiber diameter in normal muscles, there are no significant dif-
ferences between the three muscle fiber types which are less than 12% [59]. Gender
difference shows larger myofibers in men than women for type I and type II. In
women, type I fibers are larger than type II, while in men these dimensions are
reversed. The muscle mass begins to decrease between 20 and 80 years by reducing
the number of myofibers by 30-40% [60].
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Skeletal muscle tissue is a very heterogeneous one, composed of a bundle of
muscle cells which are implicated in a series of activities appropriate to each animal
species. To deal with divergent activities, muscles are composed of muscle cells
with large differences in metabolic profile and contractile properties, found under
the influence of hormonal and neural systems. Moreover, it seems that nerve activity
plays a major role in the determination of the fiber type [16]. Skeletal muscle fibers
can be classified based on their color (red, high in myoglobin; white, low myoglo-
bin), on their speed (slow, fast, intermediate), on their fatigability (fatigue resistant
and fatigable), or on their myosin isoforms.

At the beginning of the nineteenth century, based on their speeds of shortening,
muscle fibers were defined as slow or fast [61]. In the mid-twentieth century, by
refining certain techniques for myosin ATPase (mATPase) histochemistry and elec-
tron microscopy and by advanced biochemical studies regarding oxidative and gly-
colytic enzymes, skeletal muscle cells were characterized in much more details. The
combination of histochemical analysis for myofibrillar actomyosin ATPase (myosin
ATPase) and for enzymes of energy metabolism gives rise to the fiber nomenclature.
Also, the speed of contraction is dependent on how quickly the ATPase of myosin
can hydrolyze ATP to produce crossbridge action. Based on these criteria, there are
three main types of skeletal muscle fibers (cells): slow oxidative (type I), fast oxida-
tive (type Ila), and fast glycolytic (type IIb) [62]. Fast fibers hydrolyze ATP approxi-
mately twice as quickly as slow fibers. The fast-twitch muscle fibers are known as
the white muscle, while the slow-twitch muscle fibers are known as red muscle.
Based on their fatigability, fast-twitch motor units can be categorized as fast-twitch
fatigue resistant (type FR), fast-twitch fatigue intermediate (type FInt), and fast-
twitch fatigable (type FF) [63].

Slow-contracting muscle fiber (type I) is characterized by (a) low myosin ATPase
activity (compared with type II fibers), (b) high capacity for ATP production via
oxidative phosphorylation (aerobic cellular respiration), (c) very dense capillary
network, (d) high levels of intracellular myoglobin (predominant color is red), and
(e) function for long periods without fatigue.

Fast-contracting muscle fiber (type Ila) is characterized by (a) higher myosin
ATPase activity than type I fibers, (b) high capacity for ATP production via oxida-
tive phosphorylation (aerobic cellular respiration), (c) dense capillary network, (d)
high levels of intracellular myoglobin (predominant color is red), and (e) being
more fatigue resistant than type IIb fibers.

Fast-contracting muscle fiber (type IIb) is characterized by:

(a) Higher myosin ATPase activity than type I fibers.

(b) Lower capacity for ATP production via oxidative phosphorylation than “red”
fibers (anaerobic glycolysis); muscle fatigue occurs sooner.

(c) Sparser capillary network.

(d) No intracellular myoglobin (predominant color is white).

(e) These fibers fatigue quickly.

Type IIb fibers can be converted into type Ila fibers by resistance training.
Details about all these fibers can be found in Table 2.1.
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Table 2.2 Panel of Gene Proteins Expression

sarcomeric MHC genes _With MYHI13 | MyHC-EO Extraocular muscle

the corresponding protein -

products and their location MYH8 | MyHC-neo Developing muscle
MYH4 |MyHC-2B Fast 2B fibers
MYH1 |MyHC-2X Fast 2X fibers
MYH2 | MyHC-2A Fast 2A fibers
MYH3 | MyHC-emb Developing muscle
MYH6 | MyHC-«a Jaw muscle and heart

MYH7 | MyHC-p/slow Slow muscle and heart
MYH7b | MyHC slow/tonic | Extraocular muscle
MYHI15 | MyHC-15 Extraocular muscle
MYH16 |MyHC-M Jaw muscle

Another classification system is based on myosin heavy chain (MHC) isoforms,
and the heterogeneity of myosin isoform expression dates back to 30 years ago [64,
65]. Originally, four major myosin isoforms were identified: MHCI, MHClIIa,
MCHIIx, and MHCIIb [66—-68]. Recently, myosin ATPase histochemical staining
allows the description of some other types, such as Ic, Ilc, Ilac, and Ilab, based on
the intensity of staining at different pH levels [69, 70]. Several isoforms of MHC are
known to exist in mammalian skeletal muscle including IIm, alpha, neonatal,
embryonic, and extraocular. These isoforms can be determined using anti-myosin
antibodies or by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) [71]. Nowadays, one knows that these MHC isoforms are first established by
intrinsic myogenic control mechanisms during embryonic development and are
later modulated by neural and hormonal factors [9]. According to a study conducted
by Schiaffino, in any muscle, different fiber types coexist. One can observe in
Table 2.2 the complete panel of sarcomeric MHC genes with the corresponding
protein products proposed by Schiaffino in mammalian species extrafusal muscle
fibers [16].

2.4 Conclusion

Skeletal muscle physiology is complex, and there are many functional differences
between fiber types starting with neuromuscular transmission, excitation-contraction
coupling, and cycling of crossbridges and finishing with ATP consumption. Gene
and protein expressions depending on the type of fiber are still at the beginning
regarding their importance in several conditions leading to muscle atrophy.
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