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СОКРАТИТЕЛЬНЫЙ АППАРАТ МЫШЕЧНОГО ВОЛОКНА
МИОФИБРИЛЛА



Structure of a myofibril: a series of sarcomeres.

(a): Diagram indicates that each muscle fiber contains several parallel bundles called myofibrils. (b): Each myofibril consists of a long series of sarcomeres which
contain thick and thin filaments and are separated from one another by Z discs. (c): Thin filaments are actin filaments with one end bound to -actinin, the major
protein of the Z disc. Thick filaments are bundles of myosin, which span the entire A band and are bound to proteins of the M line and to the Z disc across the I bands
by a very large protein called titin, which has spring-like domains. (d): The molecular organization of the sarcomeres has bands of greater and lesser protein density,
resulting in staining differences that produce the dark and light-staining bands seen by light microscopy and TEM. (e): TEM cross-sections through different regions of
the sarcomere, as shown here, were useful in determining the relationships between thin and thick myofilaments and other proteins, as shown in part b of this figure.
Thin and thick filaments are arranged so that each myosin bundle contacts six actin filaments.

The sarcoplasm has little RER or free ribosomes and is filled primarily with long cylindrical filamentous bundles called myofibrils running parallel to the long axis of

the fiber. The myofibrils have a diameter of 1–2 m and consist of an end-to-end repetitive arrangement of sarcomeres (Figure 10–8). The lateral registration of
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• FOLDER 11.1 Functional Considerations: Muscle
Metabolism and Ischemia
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run in the groove between the F-actin molecules in the thin
filament. In resting muscle, tropomyosin and its regulatory
protein, the troponin complex, mask the myosin-binding site
on the actin molecule.

Troponin consists of a complex of three globular sub-
units. Each tropomyosin molecule contains one troponin
complex. Troponin-C (TnC) is the smallest subunit of the
troponin complex (18 kilodaltons). It binds Ca2!, the
 essential step in the initiation of contraction (see illustration
that follows). Troponin-T (TnT), a 30-kilodalton subunit,
binds to tropomyosin, anchoring the troponin complex.

Troponin-I (TnI), also a 30-kilodalton subunit, binds to
actin, thus inhibiting actin–myosin interaction.

I

H

A

A

A

I

I

I

I

I
H

H

thin filament

st
re

tc
he

d
sa

rc
om

er
e

re
st

in
g

sa
rc

om
er

e

thick filament

Z line

M line

co
nt

ra
ct

ed
sa

rc
om

er
e

FIGURE 11.6 • Sarcomeres in different functional stages. In
the resting state (middle), interdigitation of thin (actin) and thick
(myosin) filaments is not complete; the H and I bands are
relatively wide. In the contracted state (bottom), the
interdigitation of the thin and thick filaments is increased
according to the degree of contraction. In the stretched state
(top), the thin and thick filaments do not interact; the H and I
bands are very wide. The length of the A band always remains
the same and corresponds to the length of the thick filaments;
the lengths of the H and I bands change, again in proportion to
the degree of sarcomere relaxation or contraction.

Like all cells, muscle cells depend on the energy source
contained in the high-energy phosphate bonds of ATP and
phosphocreatine. The energy stored in these high-energy
phosphate bonds comes from the metabolism of fatty
acids and glucose. Glucose is the primary metabolic sub-
strate in actively contracting muscle. It is derived from the
general circulation as well as from the breakdown of glyco-
gen, which is normally stored in the muscle fiber cyto-
plasm. As much as 1% of the dry weight of skeletal and
cardiac muscle may be glycogen.

In rapidly contracting muscles, such as the leg muscles
in running or the extraocular muscles, most of the energy
for contraction is supplied by anaerobic glycolysis of

stored glycogen. The buildup of intermediary metabolites
from this pathway, particularly lactic acid, can produce an
oxygen deficit that causes ischemic pain (cramps) in cases
of extreme muscular exertion.

Most of the energy used by muscle recovering from
contraction or by resting muscle is derived from oxidative
phosphorylation. This process closely follows the "-
 oxidation of fatty acids in mitochondria that liberates two
carbon fragments. The oxygen needed for oxidative
phosphorylation and other terminal metabolic reactions
is derived from hemoglobin in circulating erythrocytes
and from oxygen bound to myoglobin stored in the mus-
cle cells.
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Myosin II, a 510-kilodalton protein, is composed of 
two polypeptide heavy chains (222 kilodaltons each) and
four light chains. Light chains are of two types (essential
light chains [18 kilodaltons] and regulatory light chains
[22 kilodaltons]), and one molecule of each type is present in
association with each myosin head. The phosphorylation by
myosin light chain kinase of the regulatory light chain initiates
contraction in smooth muscles. Each heavy chain has a small
globular head that projects at an approximately right angle at
one end of the long rod-shaped molecule. This globular head
has two specific binding sites, one for ATP and one for actin.
It also demonstrates ATPase and motor activity. Myosin
molecules in striated muscles aggregate tail to tail to form
bipolar thick myosin filaments; the rod-shaped segments
overlap so that the globular heads project from the thick fila-
ment. The “bare” zone in the middle of the filament (i.e., the
portion of the filament that does not have globular projec-
tions) is the H band. The projecting globular heads of the
myosin molecules form cross-bridges between the thick and
thin filaments on either side of the H band (see Fig. 11.6).

Accessory proteins maintain precise alignment of thin
and thick filaments.

To maintain efficiency and speed of muscle contraction, both
thin and thick filaments in each myofibril must be aligned pre-
cisely and kept at an optimal distance from one another. Pro-
teins known as accessory proteins are essential in regulating
the spacing, attachment, and alignment of the myofilaments.
These structural protein components of skeletal muscle fibrils
constitute less than 25% of the total protein of the muscle fiber.
They include the following (see also Fig. 11.7):

• Titin, a large (2,500-kilodalton) protein, forms an elastic lat-
tice that anchors thick filaments in the Z lines. Two spring-
like portions of the protein adjacent to the thin  filaments
help stabilize the centering of the myosin- containing thick
filament, preventing excessive stretching of the sarcomere.

• !-Actinin, a short, bipolar, rod-shaped, 190-kilodalton
actin-binding protein, bundles thin filaments into parallel
arrays and anchors them at the Z line.

• Nebulin, an elongated, inelastic, 600-kilodalton protein,
is attached to the Z lines and runs parallel to the thin

heavy chain

actin-binding site

actin- 
binding site

ATP- 
binding site

myosin molecule

thick 
filament

tail head

18-kDa light chain 22-kDa light chain

Myosin II

 filaments. It helps !-actinin anchor thin filaments to Z
lines and is thought to regulate the length of thin filaments
 during muscle development.

• Tropomodulin, a small, !40-kilodalton actin-binding
protein, is attached to the free portion of the thin filament.
This actin-capping protein maintains and regulates the
length of the sarcomeric actin filament. Variations in thin
filament length (such as those in type I and type IIb mus-
cle fibers) affect the length–tension relationship during
muscle contraction and therefore influence the physiologic
properties of the muscle.

• Desmin, a type of 53-kilodalton intermediate filament,
forms a lattice that surrounds the sarcomere at the level of
the Z lines, attaching them to one another and to the
plasma membrane, thus forming stabilizing cross-links be-
tween neighboring myofibrils.

• Myomesin, a 185-kilodalton myosin-binding protein,
holds thick filaments in register at the M line.

• C protein, one of possibly several myosin-binding pro-
teins (140 to 150 kilodaltons), serves the same function as
myomesin and forms several distinct transverse stripes on
either side of the M line.

• Dystrophin, a large 427-kilodalton protein, is thought to
link laminin, which resides in the external lamina of the
muscle cell, to actin filaments. Absence of this protein is
 associated with progressive muscular weakness, a genetic
condition called Duchenne’s muscular dystrophy. Dys-
trophin is encoded on the X chromosome, which  explains
why only boys suffer from Duchenne’s muscular dystro-
phy. Recently, characterization of the dystrophin gene and
its product has been clinically  important (Folder 11.2).

When a muscle contracts, each sarcomere shortens and
becomes thicker, but the myofilaments remain the same
length.

During contraction the sarcomere and I band shorten,
whereas the A band remains the same length. To maintain the
myofilaments at a constant length, the shortening of the sar-
comere must be caused by an increase in the overlap of the
thick and thin filaments. This overlap can readily be seen by
comparing electron micrographs of resting and contracted
muscle. The H band narrows, and the thin filaments pene-
trate the H band during contraction. These observations in-
dicate that the thin filaments slide past the thick filaments
during contraction.

The Contraction Cycle

Shortening of a muscle involves rapid contraction cycles that
move the thin filaments along the thick filament. Each con-
traction cycle consists of five stages: attachment, release,
bending, force generation, and reattachment.

Attachment is the initial stage of the contraction cycle; the
myosin head is tightly bound to the actin molecule of the
thin filament.

At the beginning of the contraction cycle, the myosin head is
tightly bound to the actin molecule of the thin filament, and
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preparations. It holds the cardiac muscle cells at their ends to
form the functional cardiac muscle fiber (see Fig. 5.20, page
131). It always appears as a transverse boundary between the
cardiac muscle cells. The TEM reveals an intercellular space
 between the adjacent cells that is filled with electron-dense
material resembling the material found in the zonula
 adherens of epithelia. The fascia adherens serves as the site at
which the thin filaments in the terminal sarcomere anchor
onto the plasma membrane. In this way, the fascia adherens
is functionally similar to the epithelial zonula adherens,
where actin filaments of the terminal web are also anchored.

• Maculae adherentes (desmosomes) bind the individual
muscle cells to one another. Maculae adherentes help
 prevent the cells from pulling apart under the strain of reg-
ular repetitive contractions. They reinforce the fascia ad-
herens and are found in both the transverse and lateral
components of the intercalated discs.

• Gap junctions (communicating junctions) constitute the
major structural element of the lateral component of the
intercalated disc. Gap junctions provide ionic continuity
between adjacent cardiac muscle cells, thus allowing infor-
mational macromolecules to pass from cell to cell. This
 exchange permits cardiac muscle fibers to behave as a syn-
cytium while retaining cellular integrity and individuality.
The position of the gap junctions on the lateral surfaces of
the intercalated disc protects them from the forces gener-
ated during contraction.

The sER in cardiac muscle cells is organized into a single
network along the sarcomere, extending from Z line to
Z line.

The sER of cardiac muscle is not as well organized as that of
skeletal muscle. It does not separate bundles of myofilaments
into discrete myofibrils. The T tubules in cardiac muscle pen-
etrate into the myofilament bundles at the level of the Z line,
between the ends of the sER network. Thus, there is only one
T tubule per sarcomere in cardiac muscle. Small terminal cis-
ternae of the sER are in close proximity to the T tubules to
form a diad at the level of the Z line (see Fig. 11.15). The ex-
ternal lamina adheres to the invaginated plasma membrane of
the T tubule as it penetrates into the cytoplasm of the muscle
cell. The T tubules are larger and more numerous in cardiac
ventricular muscle than in skeletal muscle. They are less nu-
merous, however, in cardiac atrial muscle.

Passage of Ca2! from the lumen of the T tubule to the
 sarcoplasm of a cardiac muscle cell is essential to initiate
the contraction cycle.

As discussed in the section on skeletal muscle, depolarization
of the T tubule membrane activates voltage-sensor
 proteins, which are similar in structure and function to Ca2!

channels. In contrast to skeletal muscle, long-lasting depolar-
ization in cardiac muscle activates these sensors and prompts
their slow conformation change into functional Ca2! chan-
nels (Fig. 11.17). Thus, in the first stage of the cardiac muscle
contraction cycle, Ca2! from the lumen of the T tubule is
transported to the sarcoplasm of cardiac muscle, which opens
gated Ca2!-release channels in adjacent terminal sacs of the

sarcoplasmic reticulum. This calcium-triggered calcium
release mechanism causes a massive and rapid release of
additional Ca2! that initiates subsequent steps of the contrac-
tion cycle, which are identical to those in skeletal muscle. The
differences between initiation of cardiac and skeletal muscle
contractions—the longer-lasting membrane depolarization
and activation of voltage-sensitive Ca2! channels in the wall of
the T tubule—account for an approximately 200-millisecond
delay from the start of a depolarization in a cardiac  muscle
twitch (see Fig. 11.11).

Cardiac muscle cells exhibit a spontaneous rhythmic
 contraction.

The intrinsic spontaneous contraction or beat of cardiac
muscle is evident in embryonic cardiac muscle cells as well
as in cardiac muscle cells in tissue culture. The heartbeat is
initiated, locally regulated, and coordinated by specialized,
modified cardiac muscle cells called cardiac conducting
cells (Plate 25, page 348). These cells are organized into
nodes and highly specialized conducting fibers called Purk-
inje fibers that generate and rapidly transmit the contrac-
tile impulse to various parts of the myocardium in a precise
sequence. Both parasympathetic and sympathetic nerve
fibers terminate in the nodes. Sympathetic stimulation ac-
celerates the heartbeat by increasing the frequency of im-
pulses to the cardiac conducting cells. Parasympathetic
stimulation slows down the heartbeat by decreasing the
frequency of the impulses. The impulses carried by these
nerves do not initiate  contraction but only modify the rate
of intrinsic cardiac muscle contraction by their effect at
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FIGURE 11.17 • Movement of the calcium ions after depola -
rization of the plasma membrane in cardiac muscle.
Depolarization of the T tubule membrane activates voltage-sensor
proteins that function as Ca2! channels. Initially, Ca2! is
transported from the lumen of the T tubule through channels in
voltage-sensor proteins into the sarcoplasm of the cardiac
muscle (illustrated next to the upper terminal sac of the sER).
Next, Ca2! activates gated Ca2!-release channels in adjacent
terminal sacs of the sarcoplasmic reticulum. This causes the
massive release of sequestrated Ca2! from the sER into the
sarcoplasm and initiates the contraction cycle.
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Множественно иннервированные гладкие мышцы

ГМК мышцы радужки (расширяющие и суживающие
зрачок), семявыносящего протока получают
двигательную иннервацию, что позволяет осуществлять
тонкую регуляцию сокращения мышц.

Такие ГМК относятся к фазным. Они имеют
относительно быстрые скоростные характеристики.

Единично иннервированные гладкие мышцы

Гладкие мышцы желудочно-кишечного тракта, матки,
мочеточника, мочевого пузыря состоят из ГМК,
образующих многочисленные щелевые контакты друг с
другом, формируя большие функциональные единицы
(клеточные комплекс) для синхронизации сокращения.

Такие ГМК относятся к тоническим.

ИННЕРВАЦИЯ ГМК

110 UNIT 2 ■ Basic Tissues

Smooth Muscle

Figure 6-10A. A representation of smooth muscle.

Smooth muscle is similar to skeletal and cardiac muscle in that 
 contraction is produced by the interaction of actin and myosin fi la-
ments in the presence of Ca++. However, there are many differences. 
Smooth muscle fi bers are short (15 to 500 µm) and spindle shaped 
and have single, centrally placed nuclei. Smooth muscle lacks the stri-
ations observed in skeletal and cardiac muscle because the arrange-
ment of the actin and myosin fi laments is not as orderly. Smooth 
muscle is innervated by sympathetic and parasympathetic axons, 
but transmitter molecules are released into the intercellular space at 
swellings in the axon (varicosities), rather than at specifi c neuromus-
cular junctions (“endplates”) as in skeletal muscle. The sarcolemmas 
of some smooth muscles contain gap junctions that permit electrical 
excitation to move directly from one fi ber to adjacent fi bers, there-
fore producing a moving wave of contraction.

T. Yang 
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Figure 6-10B. Smooth muscle, duodenum. H&E, !117; upper inset !485; lower inset !259

In the gastrointestinal tract, smooth muscle is important for keeping food moving at the proper rate to enhance digestion, to permit 
the absorption of nutrients, and to prepare waste to be expelled from the body. A low-power section through the duodenum of the 
small intestine is shown (see also Fig. 3-7A). The lumen of the intestine, with columnar epithelium specialized for absorption, is at 
the top of the picture; beneath it is a layer of connective tissue. Bands of smooth muscles encircle the duodenum. A transverse section 
through this circular layer is shown at higher power in the upper inset. The nuclei are scattered randomly through the section. Many 
muscle fi bers are cut through a portion of the fi ber that does not contain a nucleus. A second layer of smooth muscle is oriented 
along the length of the duodenum and here, it is cut longitudinally. The lower inset shows a longitudinal section at higher power. 
Note the long, spindle-shaped nuclei. The smooth muscle of the gut is classifi ed as visceral or unitary smooth muscle and has many 
gap junctions. Spontaneous waves of contraction move along the length of the gut, modulated by signals from pacemaker ganglia 
or plexuses in the autonomic nervous system. One such plexus, a myenteric plexus, is visible in the low-power photomicrograph 
(see also Fig. 7-15B).
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