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LINK T@EARNING

Watch this animation showing the six types of synovial joints. (This multimedia resource will open in a
browser.) (http:/lcnx.org/lcontent/m66639/1.3/#eip-id1511301)

ca.ecer CONNECTION

Rheumatologist

Rheumatologists are medical doctors who specialize in the diagnosis and treatment of disorders of the
joints, muscles, and bones. They diagnose and treat diseases such as arthritis, musculoskeletal disorders,
osteoporosis, and autoimmune diseases such as ankylosing spondylitis and rheumatoid arthritis.

Rheumatoid arthritis (RA) is an inflammatory disorder that primarily affects the synovial joints of the hands,
feet, and cervical spine. Affected joints become swollen, stiff, and painful. Although it is known that RA is an
autoimmune disease in which the body’s immune system mistakenly attacks healthy tissue, the cause of RA
remains unknown. Immune cells from the blood enter joints and the synovium causing cartilage breakdown,
swelling, and inflammation of the joint lining. Breakdown of cartilage causes bones to rub against each other
causing pain. RA is more common in women than men and the age of onset is usually 40-50 years of age.

Rheumatologists can diagnose RA on the basis of symptoms such as joint inflammation and pain, X-ray and
MRI imaging, and blood tests. Arthrography is a type of medical imaging of joints that uses a contrast agent,
such as a dye, that is opaque to X-rays. This allows the soft tissue structures of joints—such as cartilage,
tendons, and ligaments—to be visualized. An arthrogram differs from a regular X-ray by showing the surface
of soft tissues lining the joint in addition to joint bones. An arthrogram allows early degenerative changes in
joint cartilage to be detected before bones become affected.

There is currently no cure for RA; however, rheumatologists have a number of treatment options available.
Early stages can be treated with rest of the affected joints by using a cane or by using joint splints that
minimize inflammation. When inflammation has decreased, exercise can be used to strengthen the muscles
that surround the joint and to maintain joint flexibility. If joint damage is more extensive, medications can
be used to relieve pain and decrease inflammation. Anti-inflammatory drugs such as aspirin, topical pain
relievers, and corticosteroid injections may be used. Surgery may be required in cases in which joint
damage is severe.

38.4 | Muscle Contraction and Locomotion

By the end of this section, you will be able to do the following:
» Classify the different types of muscle tissue

» Explain the role of muscles in locomotion

Muscle cells are specialized for contraction. Muscles allow for motions such as walking, and they also facilitate
bodily processes such as respiration and digestion. The body contains three types of muscle tissue: skeletal
muscle, cardiac muscle, and smooth muscle (Figure 38.33).

This OpenStax book is available for free at http://cnx.org/content/col24361/1.8


http://cnx.org/content/m66639/1.3/#eip-id1511301
http://cnx.org/content/m66639/1.3/#eip-id1511301

Chapter 38 | The Musculoskeletal System 1207

Skeletal muscle Smooth muscle Cardiac muscle
Figure 38.33 The body contains three types of muscle tissue: skeletal muscle, smooth muscle, and cardiac muscle,
visualized here using light microscopy. Smooth muscle cells are short, tapered at each end, and have only one plump
nucleus in each. Cardiac muscle cells are branched and striated, but short. The cytoplasm may branch, and they have
one nucleus in the center of the cell. (credit: modification of work by NCI, NIH; scale-bar data from Matt Russell)

Skeletal muscle tissue forms skeletal muscles, which attach to bones or skin and control locomotion and
any movement that can be consciously controlled. Because it can be controlled by thought, skeletal muscle is
also called voluntary muscle. Skeletal muscles are long and cylindrical in appearance; when viewed under a
microscope, skeletal muscle tissue has a striped or striated appearance. The striations are caused by the regular
arrangement of contractile proteins (actin and myosin). Actin is a globular contractile protein that interacts with
myosin for muscle contraction. Skeletal muscle also has multiple nuclei present in a single cell.

Smooth muscle tissue occurs in the walls of hollow organs such as the intestines, stomach, and urinary
bladder, and around passages such as the respiratory tract and blood vessels. Smooth muscle has no striations,
is not under voluntary control, has only one nucleus per cell, is tapered at both ends, and is called involuntary
muscle.

Cardiac muscle tissue is only found in the heart, and cardiac contractions pump blood throughout the body
and maintain blood pressure. Like skeletal muscle, cardiac muscle is striated, but unlike skeletal muscle, cardiac
muscle cannot be consciously controlled and is called involuntary muscle. It has one nucleus per cell, is
branched, and is distinguished by the presence of intercalated disks.

Skeletal Muscle Fiber Structure

Each skeletal muscle fiber is a skeletal muscle cell. These cells are incredibly large, with diameters of up to 100
pm and lengths of up to 30 cm. The plasma membrane of a skeletal muscle fiber is called the sarcolemma.
The sarcolemma is the site of action potential conduction, which triggers muscle contraction. Within each muscle
fiber are myofibrils—long cylindrical structures that lie parallel to the muscle fiber. Myofibrils run the entire
length of the muscle fiber, and because they are only approximately 1.2 um in diameter, hundreds to thousands
can be found inside one muscle fiber. They attach to the sarcolemma at their ends, so that as myofibrils shorten,
the entire muscle cell contracts (Figure 38.34).
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Figure 38.34 A skeletal muscle cell is surrounded by a plasma membrane called the sarcolemma with a cytoplasm
called the sarcoplasm. A muscle fiber is composed of many fibrils, packaged into orderly units.

The striated appearance of skeletal muscle tissue is a result of repeating bands of the proteins actin and myosin
that are present along the length of myofibrils. Dark A bands and light | bands repeat along myofibrils, and the
alignment of myofibrils in the cell causes the entire cell to appear striated or banded.
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Each | band has a dense line running vertically through the middle called a Z disc or Z line. The Z discs mark
the border of units called sarcomeres, which are the functional units of skeletal muscle. One sarcomere is the
space between two consecutive Z discs and contains one entire A band and two halves of an | band, one on
either side of the A band. A myofibril is composed of many sarcomeres running along its length, and as the
sarcomeres individually contract, the myofibrils and muscle cells shorten (Figure 38.35).
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Figure 38.35 A sarcomere is the region from one Z line to the next Z line. Many sarcomeres are present in a myofibril,
resulting in the striation pattern characteristic of skeletal muscle.

Myofibrils are composed of smaller structures called myofilaments. There are two main types of filaments: thick
filaments and thin filaments; each has different compositions and locations. Thick filaments occur only in the
A band of a myofibril. Thin filaments attach to a protein in the Z disc called alpha-actinin and occur across the
entire length of the | band and partway into the A band. The region at which thick and thin filaments overlap has
a dense appearance, as there is little space between the filaments. Thin filaments do not extend all the way into
the A bands, leaving a central region of the A band that only contains thick filaments. This central region of the
A band looks slightly lighter than the rest of the A band and is called the H zone. The middle of the H zone has a
vertical line called the M line, at which accessory proteins hold together thick filaments. Both the Z disc and the
M line hold myofilaments in place to maintain the structural arrangement and layering of the myofibril. Myofibrils
are connected to each other by intermediate, or desmin, filaments that attach to the Z disc.

Thick and thin filaments are themselves composed of proteins. Thick filaments are composed of the protein
myosin. The tail of a myosin molecule connects with other myosin molecules to form the central region of a thick
filament near the M line, whereas the heads align on either side of the thick flament where the thin filaments
overlap. The primary component of thin filaments is the actin protein. Two other components of the thin filament
are tropomyosin and troponin. Actin has binding sites for myosin attachment. Strands of tropomyosin block the
binding sites and prevent actin-myosin interactions when the muscles are at rest. Troponin consists of three

globular subunits. One subunit binds to tropomyosin, one subunit binds to actin, and one subunit binds ca®t
ions.

LINK T Ci LEARNING

View this animation showing the organization of muscle fibers. (This multimedia resource will open in a
browser.) (http://cnx.org/content/m66643/1.3/#eip-id992518)

Sliding Filament Model of Contraction

For a muscle cell to contract, the sarcomere must shorten. However, thick and thin filaments—the components
of sarcomeres—do not shorten. Instead, they slide by one another, causing the sarcomere to shorten while
the filaments remain the same length. The sliding filament theory of muscle contraction was developed to fit
the differences observed in the named bands on the sarcomere at different degrees of muscle contraction and
relaxation. The mechanism of contraction is the binding of myosin to actin, forming cross-bridges that generate
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filament movement (Figure 38.36).
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Figure 38.36 When (a) a sarcomere (b) contracts, the Z lines move closer together and the | band gets smaller. The A
band stays the same width and, at full contraction, the thin filaments overlap.

When a sarcomere shortens, some regions shorten whereas others stay the same length. A sarcomere is
defined as the distance between two consecutive Z discs or Z lines; when a muscle contracts, the distance
between the Z discs is reduced. The H zone—the central region of the A zone—contains only thick filaments
and is shortened during contraction. The | band contains only thin filaments and also shortens. The A band
does not shorten—it remains the same length—but A bands of different sarcomeres move closer together during
contraction, eventually disappearing. Thin filaments are pulled by the thick filaments toward the center of the
sarcomere until the Z discs approach the thick filaments. The zone of overlap, in which thin filaments and thick
filaments occupy the same area, increases as the thin filaments move inward.

ATP and Muscle Contraction

The motion of muscle shortening occurs as myosin heads bind to actin and pull the actin inwards. This action
requires energy, which is provided by ATP. Myosin binds to actin at a binding site on the globular actin protein.
Myosin has another binding site for ATP at which enzymatic activity hydrolyzes ATP to ADP, releasing an
inorganic phosphate molecule and energy.

ATP binding causes myosin to release actin, allowing actin and myosin to detach from each other. After this
happens, the newly bound ATP is converted to ADP and inorganic phosphate, Pi. The enzyme at the binding
site on myosin is called ATPase. The energy released during ATP hydrolysis changes the angle of the myosin
head into a “cocked” position. The myosin head is then in a position for further movement, possessing potential
energy, but ADP and Pj are still attached. If actin binding sites are covered and unavailable, the myosin will
remain in the high energy configuration with ATP hydrolyzed, but still attached.

If the actin binding sites are uncovered, a cross-bridge will form; that is, the myosin head spans the distance
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between the actin and myosin molecules. P;j is then released, allowing myosin to expend the stored energy as
a conformational change. The myosin head moves toward the M line, pulling the actin along with it. As the actin
is pulled, the filaments move approximately 10 nm toward the M line. This movement is called the power stroke,
as it is the step at which force is produced. As the actin is pulled toward the M line, the sarcomere shortens and
the muscle contracts.

When the myosin head is “cocked,” it contains energy and is in a high-energy configuration. This energy is
expended as the myosin head moves through the power stroke; at the end of the power stroke, the myosin head
is in a low-energy position. After the power stroke, ADP is released; however, the cross-bridge formed is still in
place, and actin and myosin are bound together. ATP can then attach to myosin, which allows the cross-bridge
cycle to start again and further muscle contraction can occur (Figure 38.37).

LINK T@ARNING

Watch this video explaining how a muscle contraction is signaled. (This multimedia resource will open in a
browser.) (http:/lcnx.org/lcontent/m66643/1.3/#eip-id4815428)
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Figure 38.37 The cross-bridge muscle contraction cycle, which is triggered by ca®* binding to the actin active
site, is shown. With each contraction cycle, actin moves relative to myosin.

Which of the following statements about muscle contraction is true?

a. The power stroke occurs when ATP is hydrolyzed to ADP and phosphate.

b. The power stroke occurs when ADP and phosphate dissociate from the myosin head.
c. The power stroke occurs when ADP and phosphate dissociate from the actin active site.
d

The power stroke occurs when Ca?* binds the calcium head.

LINK T Ci LEARNING

View this animation (http://openstaxcollege.org/limuscle_contract) of the cross-bridge muscle contraction.

Regulatory Proteins

When a muscle is in a resting state, actin and myosin are separated. To keep actin from binding to the active


http://openstaxcollege.org/l/muscle_contract

1212 Chapter 38 | The Musculoskeletal System

site on myosin, regulatory proteins block the molecular binding sites. Tropomyosin blocks myosin binding sites
on actin molecules, preventing cross-bridge formation and preventing contraction in a muscle without nervous
input. Troponin binds to tropomyosin and helps to position it on the actin molecule; it also binds calcium ions.

To enable a muscle contraction, tropomyosin must change conformation, uncovering the myosin-binding site on
an actin molecule and allowing cross-bridge formation. This can only happen in the presence of calcium, which
is kept at extremely low concentrations in the sarcoplasm. If present, calcium ions bind to troponin, causing
conformational changes in troponin that allow tropomyosin to move away from the myosin binding sites on actin.
Once the tropomyosin is removed, a cross-bridge can form between actin and myosin, triggering contraction.

Cross-bridge cycling continues until Ca®* ions and ATP are no longer available and tropomyosin again covers
the binding sites on actin.

Excitation—-Contraction Coupling

Excitation—contraction coupling is the link (transduction) between the action potential generated in the
sarcolemma and the start of a muscle contraction. The trigger for calcium release from the sarcoplasmic
reticulum into the sarcoplasm is a neural signal. Each skeletal muscle fiber is controlled by a motor neuron,
which conducts signals from the brain or spinal cord to the muscle. The area of the sarcolemma on the muscle
fiber that interacts with the neuron is called the motor end plate. The end of the neuron’s axon is called the
synaptic terminal, and it does not actually contact the motor end plate. A small space called the synaptic cleft
separates the synaptic terminal from the motor end plate. Electrical signals travel along the neuron’s axon, which
branches through the muscle and connects to individual muscle fibers at a neuromuscular junction.

The ability of cells to communicate electrically requires that the cells expend energy to create an electrical
gradient across their cell membranes. This charge gradient is carried by ions, which are differentially distributed
across the membrane. Each ion exerts an electrical influence and a concentration influence. Just as milk will
eventually mix with coffee without the need to stir, ions also distribute themselves evenly, if they are permitted to
do so. In this case, they are not permitted to return to an evenly mixed state.

The sodium—potassium ATPase uses cellular energy to move K ions inside the cell and Na* ions outside. This
alone accumulates a small electrical charge, but a big concentration gradient. There is lots of K* in the cell and
lots of Na* outside the cell. Potassium is able to leave the cell through K channels that are open 90% of the

time, and it does. However, Na* channels are rarely open, so Na* remains outside the cell. When K* leaves
the cell, obeying its concentration gradient, that effectively leaves a negative charge behind. So at rest, there

is a large concentration gradient for Na* to enter the cell, and there is an accumulation of negative charges
left behind in the cell. This is the resting membrane potential. Potential in this context means a separation
of electrical charge that is capable of doing work. It is measured in volts, just like a battery. However, the
transmembrane potential is considerably smaller (0.07 V); therefore, the small value is expressed as millivolts
(mV) or 70 mV. Because the inside of a cell is negative compared with the outside, a minus sign signifies the
excess of negative charges inside the cell, =70 mV.

If an event changes the permeability of the membrane to Na* ions, they will enter the cell. That will change
the voltage. This is an electrical event, called an action potential, that can be used as a cellular signal.
Communication occurs between nerves and muscles through neurotransmitters. Neuron action potentials cause
the release of neurotransmitters from the synaptic terminal into the synaptic cleft, where they can then diffuse
across the synaptic cleft and bind to a receptor molecule on the motor end plate. The motor end plate possesses
junctional folds—folds in the sarcolemma that create a large surface area for the neurotransmitter to bind to

receptors. The receptors are actually sodium channels that open to allow the passage of Na™ into the cell when
they receive a neurotransmitter signal.

Acetylcholine (ACh) is a neurotransmitter released by motor neurons that binds to receptors in the motor end
plate. Neurotransmitter release occurs when an action potential travels down the motor neuron’s axon, resulting

in altered permeability of the synaptic terminal membrane and an influx of calcium. The ca®* ions allow synaptic
vesicles to move to and bind with the presynaptic membrane (on the neuron), and release neurotransmitter from
the vesicles into the synaptic cleft. Once released by the synaptic terminal, ACh diffuses across the synaptic
cleft to the motor end plate, where it binds with ACh receptors. As a neurotransmitter binds, these ion channels

open, and Na* ions cross the membrane into the muscle cell. This reduces the voltage difference between
the inside and outside of the cell, which is called depolarization. As ACh binds at the motor end plate, this
depolarization is called an end-plate potential. The depolarization then spreads along the sarcolemma, creating
an action potential as sodium channels adjacent to the initial depolarization site sense the change in voltage and

This OpenStax book is available for free at http://cnx.org/content/col24361/1.8



Chapter 38 | The Musculoskeletal System 1213

open. The action potential moves across the entire cell, creating a wave of depolarization.

ACh is broken down by the enzyme acetylcholinesterase (AChE) into acetyl and choline. AChE resides in
the synaptic cleft, breaking down ACh so that it does not remain bound to ACh receptors, which would cause
unwanted extended muscle contraction (Figure 38.38).
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Figure 38.38 This diagram shows excitation-contraction coupling in a skeletal muscle contraction. The
sarcoplasmic reticulum is a specialized endoplasmic reticulum found in muscle cells.

The deadly nerve gas Sarin irreversibly inhibits acetycholinesterase. What effect would Sarin have on
muscle contraction?

After depolarization, the membrane returns to its resting state. This is called repolarization, during which
voltage-gated sodium channels close. Potassium channels continue at 90% conductance. Because the plasma
membrane sodium-potassium ATPase always transports ions, the resting state (negatively charged inside
relative to the outside) is restored. The period immediately following the transmission of an impulse in a nerve
or muscle, in which a neuron or muscle cell regains its ability to transmit another impulse, is called the refractory
period. During the refractory period, the membrane cannot generate another action potential. The refractory
period allows the voltage-sensitive ion channels to return to their resting configurations. The sodium potassium

ATPase continually moves Na* back out of the cell and K* back into the cell, and the K* leaks out leaving
negative charge behind. Very quickly, the membrane repolarizes, so that it can again be depolarized.
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Control of Muscle Tension

Neural control initiates the formation of actin—-myosin cross-bridges, leading to the sarcomere shortening
involved in muscle contraction. These contractions extend from the muscle fiber through connective tissue to
pull on bones, causing skeletal movement. The pull exerted by a muscle is called tension, and the amount of
force created by this tension can vary. This enables the same muscles to move very light objects and very heavy
objects. In individual muscle fibers, the amount of tension produced depends on the cross-sectional area of the
muscle fiber and the frequency of neural stimulation.

The number of cross-bridges formed between actin and myosin determine the amount of tension that a muscle
fiber can produce. Cross-bridges can only form where thick and thin filaments overlap, allowing myosin to bind
to actin. If more cross-bridges are formed, more myosin will pull on actin, and more tension will be produced.

The ideal length of a sarcomere during production of maximal tension occurs when thick and thin filaments
overlap to the greatest degree. If a sarcomere at rest is stretched past an ideal resting length, thick and thin
filaments do not overlap to the greatest degree, and fewer cross-bridges can form. This results in fewer myosin
heads pulling on actin, and less tension is produced. As a sarcomere is shortened, the zone of overlap is reduced
as the thin filaments reach the H zone, which is composed of myosin tails. Because it is myosin heads that
form cross-bridges, actin will not bind to myosin in this zone, reducing the tension produced by this myofiber. If
the sarcomere is shortened even more, thin filaments begin to overlap with each other—reducing cross-bridge
formation even further, and producing even less tension. Conversely, if the sarcomere is stretched to the point
at which thick and thin filaments do not overlap at all, no cross-bridges are formed and no tension is produced.
This amount of stretching does not usually occur because accessory proteins, internal sensory nerves, and
connective tissue oppose extreme stretching.

The primary variable determining force production is the number of myofibers within the muscle that receive an
action potential from the neuron that controls that fiber. When using the biceps to pick up a pencil, the motor
cortex of the brain only signals a few neurons of the biceps, and only a few myofibers respond. In vertebrates,
each myofiber responds fully if stimulated. When picking up a piano, the motor cortex signals all of the neurons
in the biceps and every myofiber participates. This is close to the maximum force the muscle can produce. As
mentioned above, increasing the frequency of action potentials (the number of signals per second) can increase
the force a bit more, because the tropomyosin is flooded with calcium.
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KEY TERMS

abduction when a bone moves away from the midline of the body

acetylcholinesterase (AChE) enzyme that breaks down ACh into acetyl and choline
actin globular contractile protein that interacts with myosin for muscle contraction
adduction movement of the limbs inward after abduction

amphiarthrosis joint that allows slight movement; includes syndesmoses and symphyses
angular movement produced when the angle between the bones of a joint changes

appendicular skeleton composed of the bones of the upper limbs, which function to grasp and manipulate
objects, and the lower limbs, which permit locomotion

appositional growth increase in the diameter of bones by the addition of bone tissue at the surface of bones
articulation any place where two bones are joined
auditory ossicle (also, middle ear) transduces sounds from the air into vibrations in the fluid-filled cochlea

axial skeleton forms the central axis of the body and includes the bones of the skull, the ossicles of the middle
ear, the hyoid bone of the throat, the vertebral column, and the thoracic cage (ribcage)

ball-and-socket joint joint with a rounded, ball-like end of one bone fitting into a cuplike socket of another bone
bone (also, osseous tissue) connective tissue that constitutes the endoskeleton
bone remodeling replacement of old bone tissue by new bone tissue

calcification process of deposition of mineral salts in the collagen fiber matrix that crystallizes and hardens the
tissue

cardiac muscle tissue muscle tissue found only in the heart; cardiac contractions pump blood throughout the
body and maintain blood pressure

carpus eight bones that comprise the wrist

cartilaginous joint joint in which the bones are connected by cartilage

circumduction movement of a limb in a circular motion

clavicle S-shaped bone that positions the arms laterally

compact bone forms the hard external layer of all bones

condyloid joint oval-shaped end of one bone fitting into a similarly oval-shaped hollow of another bone
coxal bone hip bone

cranial bone one of eight bones that form the cranial cavity that encloses the brain and serves as an attachment
site for the muscles of the head and neck

depression movement downward of a bone, such as after the shoulders are shrugged and the scapulae return
to their normal position from an elevated position; opposite of elevation

diaphysis central shaft of bone, contains bone marrow in a marrow cavity
diarthrosis joint that allows for free movement of the joint; found in synovial joints

dorsiflexion bending at the ankle such that the toes are lifted toward the knee





