Chapter 21

Skeletal, Muscular, and Integumentary
Systems

21.1 Lesson 21.1: Skeletal System

Lesson Objectives

o Identify the functions and structure of bones.

« Differentiate between the axial skeleton and appendicular skeleton.

o Distinguish between spongy bone and compact bone.

« Outline the process of osteogenesis (bone formation), and how bones grow.

o Classify bones based on their shape.

o Identify three types of joints that are in the body, and give an example of each.

o Identify three disorders that result from homeostatic imbalances of bones or the skele-
ton.

Introduction

How important is your skeleton? Can you imagine what you would look like without it?

You would be a wobbly pile of muscle and internal organs, maybe a little similar to the slug
in Figure 21.1. Not that you would really be able to see yourself anyway, due to the folds
of skin that would droop over your eyes because of your lack of skull bones. You could push
the skin out of the way, if you could only move your arms!
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Figure 21.1: Banana slugs (Ariolimaz spp.), unlike you, can live just fine without a bony
skeleton. They can do so because they are relatively small and their food source (vegetation)
is plentiful and tends not to run away from them. Slugs move by causing a wave-like motion
in their foot, (the ventral (bottom) area of the slug that is in contact with the ground). Slugs
and other gastropods also live in environments very different to humans’ environments. Just
think of how a bony skeleton would be of limited use to a slug whose lifetime is spent under
a log munching on rotting leaf litter. (6)
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The Skeleton

Humans are vertebrates, which are animals that have a vertebral column, or backbone.
Invertebrates, like the banana slug in Figure 21.1, do not have a vertebral column, and use a
different mechanism than vertebrates to move about. The sturdy internal framework of bones
and cartilage that is found inside vertebrates, including humans, is called an endoskeleton.
The adult human skeleton consists of approximately 206 bones, some of which are named in
Figure 21.2. Cartilage, another component of the skeleton can also be seen in Figure 21.2.
Cartilage is a type of dense connective tissue that is made of tough protein fibers. The
function of cartilage in the adult skeleton is to provide smooth surfaces for the movement of
bones at a joint. A ligament is a band of tough, fibrous tissue that connects bones together.
Ligaments are not very elastic and some even prevent the movement of certain bones.

The skeletons of babies and children have many more bones and more cartilage than adults
have. As a child grows, these “extra” bones, such as the bones of the skull (cranium), and
the sacrum (tailbone) fuse together, and cartilage gradually hardens to become bone tissue.

The bones of the skeleton can be grouped in two divisions: the axial skeleton and appen-
dicular skeleton. The axial skeleton includes the bones of the head, vertebral column, ribs
and sternum, in the left portion of Figure 21.3. There are 80 bones in the axial skeleton.
The appendicular skeleton includes the bones of the limbs (arms and legs) along with
the scapula and the pelvis, and is shown at right in Figure 21.3. There are approximately
126 bones in the appendicular skeleton. Limbs are connected to the rest of the skeleton by
collections of bones called girdles. The pectoral girdle consists of the clavicle (collar bone)
and scapula (shoulder blade). The pelvic girdle consists of two pelvic bones (hipbones) that
form the pelvic girdle. The vertebral column attaches to the top of the pelvis; the femur of
each leg attaches to the bottom. The humerus is joined to the pectoral girdle at a joint and
is held in place by muscles and ligaments.

Function and Structure of Bones

Many people think of bones as dry, dead, and brittle, which is what you might think if you saw
a preserved skeleton in a museum. The association of bones with death is illustrated by the
sweets shown in Figure 21.4. This is a common association because the calcium-rich bone
tissue of a vertebrate is the last to decompose after the organism dies. However, the bones in
your body are very much alive. They contain many tough protein fibers, are crisscrossed by
blood vessels, and certain parts of your bones are metabolically active. Preserved laboratory
skeletons are cleaned with chemicals that remove all organic matter from the bones, which
leaves only the calcium-rich mineralized (hardened) bone tissue behind.
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Figure 21.2: The skeleton is the bone and cartilage scaffolding that supports the body, and
allows it to move. Bones act as attachment points for the muscles and tendons that move
the body. Bones are also important for protection. For example, your skull bones (cranium)
protect your brain, and your ribcage protects your heart and lungs. Cartilage is the light-
gray material that is found between some of the bones and also between the ribcage and
sternum. (35)
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Figure 21.3: The two divisions of the human skeleton. The bones of the axial skeleton are
blue, and the bones of the appendicular skeleton are pink. (27)
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Figure 21.4: Sugar skulls made to celebrate Dia de Los Muertos (Day of the Dead), a time
(the 1°* and 2" of November) during which the people of Mexico and some Latin American
countries celebrate and honor the lives of the deceased, and celebrate the continuation of
life. (11)

Functions of Bones

As you read earlier in this lesson, your skeletal system is important for the proper functioning
of your body. In addition to giving shape and form to the body, bones have many important
functions.

The main functions of bones are:

o Structural Support of the Body: The skeleton supports the body against the pull of
gravity. The large bones of the lower limbs support the trunk when standing.

o Protection of Internal Organs: The skeleton provides a rigid frame work that supports
and protects the soft organs of the body. The fused bones of the cranium surround the
brain to make it less vulnerable to injury. Vertebrae surround and protect the spinal
cord and bones of the rib cage help protect the heart and lungs.

o Attachment of the Muscles: The skeleton provides attachment surfaces for muscles and
tendons which together enable movement of the body.

o Movement of the Body: Bones work together with muscles as simple mechanical lever
systems to produce body movement.

o Production of Blood Cells: The formation of blood cells takes place mostly in the
interior (marrow) of certain types of bones.

« Storage of Minerals: Bones contain more calcium than any other organ in the form of
calcium salts such as calcium phosphate. Calcium is released by the bones when blood
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levels of calcium drop too low. Phosphorus is also stored in bones.

Structure of Bones

Although bones vary greatly in size and shape, they all have certain structural similarities.
Bones are organs.Recall that organs are made up of two or more types of tissues. The two
main types of bone tissue are compact bone and spongy bone. Compact bone makes up
the dense outer layer of bones. Spongy bone is lighter and less dense than compact bone,
and is found toward the center of the bone. Periosteum (from peri = around, osteo =
bone),is the tough, shiny, white membrane that covers all surfaces of bones except at the
joint surfaces. Periosteum is composed of a layer of fibrous connective tissue and a layer of
bone forming cells. These structures can be seen in Figure 21.5.

Compact Bone

Just below the periosteum is the hard layer of compact bone tissue. It is so called due to
its high density, and it accounts for about 80% of the total bone mass of an adult skeleton.
Compact bone is extremely hard, and is made up of many cylinder-shaped units called
osteons, or Haversian systems. Osteons act like strong pillars within the bone to give the
bone strength and allow it to bear the weight of the attached muscles and withstand the
stresses of movement. As you can see in Figure 21.6, osteons are made up of rings of calcium
salts and collagen fibers, called bone matrix. Bone matrix is a mixture of calcium salts,
such as calcium phosphate and calcium hydroxide, and collagen fibers (a type of protein)
which form hollow tubes that look similar to the rings on a tree. Each of these matrix tubes
is a lamella, which means “thin plate” (plural: lamellae). The calcium salts form crystals
that give bones great strength, but the crystals do not bend easily, and tend to shatter if
stressed. Collagen fibers are tough and flexible. All collagen fibers within a single lamella
are lined up in the same direction, which gives each lamella great strength. Overall, the
protein-calcium crystal combination in the matrix allows bones to bend and twist without
breaking easily. The collagen fibers also act as a scaffold for the laying down of new calcium
salts.

In the center of each osteon is a Haversian canal. The canal serves as a passageway
for blood vessels and nerves. Within each osteon, many bone cells called osteocytes are
located. Osteocytes are found in little pockets called lacunae that are sandwiched between
layers of bone matrix. You can see lamellae and osteocytes in their lacunae in Figure 7b.
Osteocytes are responsible for monitoring the protein and mineral content of the bone and
they direct the release of calcium into the blood and the uptake up of calcium salts into the
bone. Other bone cells, called osteoblasts secrete the organic content of matrix, and are
responsible for the growth of new bone. Osteoblasts are found near the surface of bones.
Osteoclasts are bone cells that remove calcium salts from bone matrix. These bone cells
will be discussed in further detail later in this lesson. In the meantime, Table 21.1 describes
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Figure 21.5: Structure of a typical bone. The components that make up bones can be seen
here. Compact bone is the dense material that makes up the outer ring of the bone. Most
bones of the limbs are long bones, including the bones of the fingers. The classification of
“long bone” refers to the shape of the bone rather than to the size. (7)
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Figure 21.6: The internal structure of a bone. Both compact and spongy bone can be seen.

(22)

some of the different structures and functions of bones.

Table 21.1:

The Structure of Bones

Function

Location

Osteons (also known as
Haversian systems)
Bone matrix

Lamella

Lacunae

Osteocytes

Act like pillars to give bone
strength

A mixture of calcium salts
and collagen fibers which
form hollow tubes that look
similar to the rings on a tree
Layers of bone matrix in
which collagen fibers point
in the opposite direction to
the fibers of the lamellae
to each side, offers great
strength and flexibility
Location of osteocytes

Monitor the protein and
mineral content of bone and
direct the release of calcium
into the blood; control the
uptake up of calcium salts
into the bone

1099

Compact bone

Compact bone, spongy bone

Are the “tree rings” of os-
teons

Between lamellae of bone
matrix
Within lacunae of osteons
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Table 21.1: (continued)

Function Location

Osteoblasts Bone-forming cell; secretes Found near the surface of
organic part of matrix (col- bones
lagen)

Osteoclasts Responsible for the break- Bone surfaces

down of matrix and release
of calcium salts into the

blood.
Chondrocyte Cartilage-forming cell
Periosteum Contains pain receptors and

is sensitive to pressure or
stress; provides nourishment
through a good the blood
supply; provides an attach-
ment for muscles and ten-
dons

Collagen fibers Tough protein fibers that
give bones flexibility and
prevent shattering.

Calcium salts Form crystals that give
bones great strength.

Spongy Bone

Spongy bone occurs at the ends of long bones and is less dense than compact bone. The
term “spongy” refers only to the appearance of the bone, as spongy bone is quite strong.
The lamellae of spongy bone form an open, porous network of bony branches, or beams
called trabiculae, that give the bone strength and make the bone lighter. It also allows room
for blood vessels and bone marrow. Spongy bone does not have osteons, instead nutrients
reach the osteocytes of spongy bone by diffusion through tiny openings in the surface of the
spongy bone. Spongy bone makes up the bulk of the interior of most bones, including the
vertebrae.

Bone Marrow
Many bones also contain a soft connective tissue called bone marrow. There are two types

of bone marrow: red marrow and yellow marrow. Red marrow produces red blood cells,
platelets, and most of the white blood cells for the body. Yellow marrow produces white
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Figure 21.7: The location of Haversian canals and osteocytes in osteons of compact bone.
(42)

blood cells. The color of yellow marrow is due to the high number of fat cells it contains.
Both types of bone marrow contain numerous blood vessels and capillaries. In newborns,
bones contain only red marrow. As the child ages, red marrow is mostly replaced by yellow
marrow. In adults, red marrow is mostly found in the flat bones of the skull, the ribs, the
vertebrae and pelvic bones. It is also found between the spongy bone at the very top of the
femur and the humerus.

Periosteum

The outer surfaces of bones—except where they make contact with other bones at joints—are
covered by periosteum. Periosteum has a tough, external fibrous layer, and an internal
layer that contains osteoblasts (the bone-growing cells). The periosteum is richly supplied
with blood, lymph and nociceptors, which make it very sensitive to manipulation (recall
that nociceptors are pain receptors that are also found in the skin and skeletal muscle).
Periosteum provides nourishment to the bone through a rich blood supply. The periosteum
is connected to the bone by strong collagen fibers called Sharpey’s fibres, which extend into
the outer lamellae of the compact bone.
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Bone Shapes

The four main types of bones are long, short, flat, and irregular. The classification of a bone
as being long, short, flat, or irregular is based on the shape of the bone rather than the size
of the bone. For example, both small and large bones can be classified as long bones. There
are also some bones that are embedded in tendons, these bones tend to be oval-shaped and
are called sesamoid bones.

 Long Bones: Bones that are longer than they are wide are called long bones. They
consist of a long shaft with two bulky ends. Long bones are primarily made up of
compact bone but may also have a large amount of spongy bone at both ends. Long
bones include bones of the thigh (femur), leg (tibia and fibula), arm (humerus), forearm
(ulna and radius), and fingers (phalanges). The classification refers to shape rather
than the size.

e Short Bones: Short bones are roughly cube-shaped, and have only a thin layer of
compact bone surrounding a spongy interior. The bones of the wrist (carpals) and
ankle (tarsals) are short bones, as are the sesamoid bones (see below).

o Sesamoid Bones: Sesamoid bones are embedded in tendons. Since they act to hold
the tendon further away from the joint, the angle of the tendon is increased and thus
the force of the muscle is increased. An example of a sesamoid bone is the patella
(kneecap).

o Flat Bones: Flat bones are thin and generally curved, with two parallel layers of
compact bones sandwiching a layer of spongy bone. Most of the bones of the skull
(cranium) are flat bones, as is the sternum (breastbone).

o Irregular Bones: Irregular bones are bones that do not fit into the above categories.
They consist of thin layers of compact bone surrounding a spongy interior. As implied
by the name, their shapes are irregular and complicated. The vertebrae and pelvis are
irregular bones.

All bones have surface markings and characteristics that make a specific bone unique. There
are holes, depressions, smooth facets, lines, projections and other markings. These usually
represent passageways for vessels and nerves, points of articulation with other bones or points
of attachment for tendons and ligaments.

Cellular Structure of Bone

When blood calcium levels decrease below normal, calcium is released from the bones so
that there will be an adequate supply for metabolic needs. When blood calcium levels are
increased, the excess calcium is stored in the bone matrix. The dynamic process of releasing
and storing calcium goes on almost continuously, and is carried out by different bone cells.

There are several types of bone cells.
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« Osteoblasts are bone-forming cells which are located on the inner and outer surfaces
of bones. They make a collagen-rich protein mixture (called osteoid), which mineralizes
to become bone matrix. Osteoblasts are immature bone cells. Osteoblasts that become
trapped in the bone matrix differentiate into osteocytes. The osteocytes stop making
osteoid and instead direct the release of calcium from the bones and the uptake of
calcium from the blood.

» Osteocytes originate from osteoblasts which have migrated into and become trapped
and surrounded by bone matrix which they themselves produce. The spaces which
they occupy are known as lacunae. Osteocytes are star-shaped, and they have many
processes which reach out to meet osteoblasts probably for the purposes of communi-
cation. Their functions include matrix maintenance and calcium homeostasis. They
are mature bone cells. Refer to Figure 21.7 for the location of osteocytes.

» Osteoclasts are the cells responsible for bone resorption, which is the remodeling of
bone to reduce its volume (see below). Osteoclasts are large cells with many nuclei, and
are located on bone surfaces. They secrete acids which dissolve the calcium salts of the
matrix, releasing them into the blood stream. This causes the calcium and phosphate
concentration of the blood to increase. Osteoclasts constantly remove minerals from
the bone, and osteoblasts constantly produce matrix that binds minerals into the bone,
so both of these cells are important in calcium homeostasis.

Bone Cells and Calcium Homeostasis

Remodeling or bone turnover is the process of resorption of minerals followed by replacement
by bone matrix which causes little overall change in the shape of the bone. This process
occurs throughout a person’s life. Osteoblasts and osteoclasts communicate with each other
for this purpose. The purpose of remodeling is to regulate calcium homeostasis, repair
micro-damaged bones (from everyday stress), and also to shape the skeleton during skeletal
growth.

The process of bone resorption by the osteoclasts releases stored calcium into the systemic
circulation and is an important process in regulating calcium balance. As bone formation
actively fixes circulating calcium in its mineral form, removing it from the bloodstream,
resorption actively unfixes it thereby increasing circulating calcium levels. These processes
occur in tandem at site-specific locations.

Development of Bones

The terms osteogenesis and ossification are often used to indicate the process of bone forma-
tion. The skeleton begins to form early in fetal development. By the end of the eighth week
after conception, the skeletal pattern is formed by cartilage and connective tissue membranes.
At this point, ossification begins.
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Early in fetal development, the skeleton is made of cartilage. Cartilage is a type of dense
connective tissue that is composed of collagen fibers and/or elastin fibers, and cells called
chondrocytes which are all set in a gel-like substance called matrix. Cartilage does not con-
tain any blood vessels so nutrients diffuse through the matrix to the chondrocytes. Cartilage
serves several functions, including providing a framework upon which bone deposition can
begin and supplying smooth surfaces for the movement of bones at a joint, such as the
cartilage shown in Figure 21.8.

Figure 21.8: A micrograph of the structure of hyaline cartilage, the type of cartilage that is
found in the fetal skeleton and at the ends of mature bones. (32)

The bones of the body gradually form and harden throughout the remaining gestation period
and for years after birth in a process called endochondrial ossification. However, not all
parts of the fetal cartilage are replaced by bone, cartilage remains in many places in the
body including the joints, the rib cage, the ear, the tip of the nose, the bronchial tubes and
the little discs between the vertebrae.

Endochondral Ossification

Endochondral ossification is the process of replacing cartilage with bony tissue, as shown
in Figure 21.9. Most of the bones of the skeleton are formed in this way. During the
third month after conception, blood vessels form and grow into the cartilage, and transport
osteoblasts and stem cells into the interior which change the cartilage into bone tissue. The
osteoblasts form a bone collar of compact bone around the central shaft (diaphysis) of the
bone. Osteoclasts remove material from the center of the bone, and form the central cavity
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of the long bones. Ossification continues from the center of the bone toward the ends of the
bones.

The cartilage at the ends of long bones (the epiphyses) continues to grow so the developing
bone increases in length. Later, usually after birth, secondary ossification centers form in
the epiphyses, as shown in Figure 21.9. Ossification in the epiphyses is similar to that in
the center of the bone except that the spongy bone is kept instead of being broken down to
form a cavity. When secondary ossification is complete, the cartilage is totally replaced by
bone except in two areas. A region of cartilage remains over the surface of the epiphysis as
articular cartilage and another area of cartilage remains inside the bone at either end. This
area is called the epiphyseal plate or growth region.

Medullary cavity -
P g o
H\I.I oy
Blood vessels yﬁ.mcular cartilage

Figure 21.9: The process of endochondrial ossification which happens when the skeleton is
developing during fetal development, and in childhood. (46)

When a bone develops from a fibrous membrane, the process is called intramembranous
ossification. Intramembranous ossification usually happens in flat bones such as the cranial
bones and the clavicles. During intramembranous ossification in the developing fetus, the
future bones are first formed as connective tissue membranes. Osteoblasts migrate to the
membranes and secrete osteoid, which becomes mineralized and forms bony matrix. When
the osteoblasts are surrounded by matrix they are called osteocytes. Eventually, a bone
collar of compact bone develops and marrow develops inside the bone.

Bone Elongation
An infant is born with zones of cartilage, called epiphyseal plates, shown in Figure 21.10,
between segments of bone to allow further growth of the bone. When the child reaches

skeletal maturity (between the ages of 18 and 25 years), all of the cartilage in the plate is
replaced by bone, which stops further growth.
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Figure 21.10: Location of the epiphyseal plate in an immature long bone. The chondrocytes
in the epiphyseal plate are very metabolically active, as they constantly reproduce by mitosis.
As the older chondrocytes move away from the plate they are replaced by osteoblasts that
mineralize this new area, and the bone lengthens. (52)
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Bones grow in length at the epiphyseal plate by a process that is similar to endochondral
ossification. The chondrocytes (cartilage cells) in the region of the epiphyseal plate grow
by mitosis and push older chondrocytes down toward the bone shaft (diaphysis). Even-
tually these chondrocytes age and die. Osteoblasts move into this region and replace the
chondrocytes with bone matrix. This process lengthens the bone and continues throughout
childhood and the adolescent years until the cartilage growth slows down and finally stops.
When cartilage growth stops, usually in the early twenties, the epiphyseal plate completely
ossifies so that only a thin epiphyseal line remains and the bones can no longer grow in
length. Bone growth is under the influence of growth hormone from the anterior pituitary
gland and sex hormones from the ovaries and testes.

Even though bones stop growing in length in early adulthood, they can continue to increase
in thickness or diameter throughout life in response to stress from increased muscle activity
or to weight-bearing exercise.

Joints

A joint (also called an articulation), is a point at which two or more bones make contact.
They are constructed to allow movement and provide mechanical support for the body.
Joints are a type of lever, which is a rigid object that is used to increase the mechanical force
that can be applied to another object. This reduces the amount of energy that need to be
spent in moving the body around. The articular surfaces of bones, which are the surfaces
that meet at joints, are covered with a smooth layer of articular cartilage.

There are three types of joints: immovable, partly movable, and synovial. See http://
www . youtube. com/watch?v=S0MFX_83sqk&#38; feature=related for a brief overview of the
types of joints.

o Immovable Joint: At an immovable joint (or a fixed joint), bones are connected
by dense connective tissue, which is usually collagen. Immovable joints, like those
connecting the cranial bones, have edges that tightly interlock, and do not allow move-
ment. The connective tissue at immovable joints serves to absorb shock that might
otherwise break the bone.

« Partly Movable Joints: At partly movable joints (or cartilaginous joints), bones are
connected entirely by cartilage. Cartilaginous joints allow more movement between
bones than a fibrous joint does, but much less than the highly mobile synovial joint.
Examples of partly-movable joint include the ribs, the sternum and the vertebrae,
shown in Figure 21.11. Partly-movable joints also form the growth regions of immature
long bones.

« Synovial joints: Synovial joints, also known as movable joints, are the most mobile
joints of all. They are also the most common type of joint in the body. Synovial joints
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Figure 21.11: Illustration of an synovial disk, a cartilaginous joint. These partly-movable
joints are found between the vertebrae. An X ray of the cervical (neck) vertebrae is at right.

(9)

contain a space between the bones of the joint (the articulating bones), which is filled
with synovial fluid. Synovial fluid is a thick, stringy fluid that has the consistency
of egg albumin. The word ”synovial” comes from the Latin word for "egg”. The fluid
reduces friction between the articular cartilage and other tissues in joints and lubricates
and cushions them during movement. There are many different types of synovial joints,
and many different examples. A synovial joint is shown in Figure 21.12.

The outer surface of the synovial joint contains ligaments that strengthen joints and holds
bones in position. The inner surface (the synovial membrane) has cells producing synovial
fluid that lubricates the joint and prevents the two cartilage caps on the bones from rubbing
together. Some joints also have tendons which are bands of connective tissue that link
muscles to bones. Bursae are small sacs filled with synovial fluid that reduce friction in the
joint. The knee joint contains 13 bursae. Synovial joints can be classified by the degree of
mobility they allow, as shown in Figure 21.13.

In a ball and socket joint the ball-shaped surface of one bone fits into the cuplike depression
of another. The ball-and-socket joint consists of one bone that is rounded and that fits
within a cuplike bone. Examples of a ball and socket joint include the hip (Figure 21.15)
and shoulder.

In an ellipsoidal joint an ovoid articular surface, fits into an elliptical cavity in such a way
as to permit of some back and forth movement, but not side-to-side motion. The wrist-joint
and knee (Figure 21.14), are examples of this type of joint.

In a saddle joint the opposing bone surfaces are fit together like a person sitting in a saddle.
The movements at a saddle joint are the same as in an ellipsoid joint. The best example of
this form is the joint between the carpals and metacarpals of the thumb.

In the hinge joint, the articular surfaces fit together in such a way as to permit motion only in
one plane, forward and backward, the extent of motion at the same time being considerable.
An example of a hinge joint is the elbow.

The pivot joint is formed by a process that rotates within a ring, the ring being formed
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Figure 21.12: Diagram of a synovial joint. Sinovial joints are the most common type of joint
in the body, and allow a wide range of motions. Think of how difficult walking would be if
your knees and hips were only partly movable, like your spine. (34)

1109 www.ck12.org



1.Ball and Sockeat Joint 2.Ellipsoid Jaint 3.Saddle joint

4 Hinge Jalnt 5. Pivol Joint

Figure 21.13: Types of Synovial joints. These fully-movable joints between bones allow a
wide range of motions by the body. They also help reduce the amount of energy that needs
to move the body. (47)

partly of bone, and partly of ligament. An example of a pivot joint is the joint between the
radius and ulna that allows you to turn the palm of your hand up and down.

A gliding joint, also known as a plane joint, is a joint which allows one bone to slide over
another, such as between the carpels of the fingers. Gliding joints are also found in your
wrists and ankles.

Not all bones are interconnected directly: There are 6 bones in the middle ear called the
ossicles (three on each side) that articulate only with each other. The hyoid bone which is
located in the neck and serves as the point of attachment for the tongue, does not articulate
with any other bones in the body, being supported by muscles and ligaments. The longest
and heaviest bone in the body is the femur and the smallest is the stapes bone in the middle
ear. In an adult, the skeleton makes up around 20% of the total body weight.

Homeostatic Imbalances of Bone

Despite their great strength, bones can fracture, or break. Fractures can occur at different
places on a bone, and are usually due to excessive bending stress on the bone. Fractures
can be complete in which the bone is completely broken, or incomplete in which the bone is
cracked or chipped, but not broken all the way, as shown in Figure 21.16. Immediately after
a fracture, blood vessels that were torn leak blood into surrounding tissues and a mass of
clotted blood, called a hematoma, forms. The area becomes swollen and sore. Within a few
days capillaries begin to grow into the hematoma and white blood cells clean up the dead and
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Figure 21.14: Knee joint, an ellipsoid joint. (40)
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Figure 21.15: The hip joint is a ball-and-socket joint. (43)

dying cells. Fibroblasts and osteoblasts arrive and begin to rebuild the bone. Fibroblasts
produce collagen fibers which span the area of the break and connect the ends of the broken
bone together. Osteoblasts begin to form spongy bone, and chondroblasts form cartilage
matrix. Later, the cartilage and spongy bone are replaced by a bony growth called a callus
which forms about 3 to 4 weeks after the fracture, and continues until the break is firmly
sealed 2 to 3 months later. Eventually the bony callus is replaced by spongy and compact
bone, similar to the rest of the bone.

Rickets is a softening of the bones in children which potentially leads to fractures and
deformity; bowing of the leg bones is shown in Figure 21.17. Rickets is among the most
frequent childhood diseases in many developing countries. The most common cause is a
vitamin D deficiency. Vitamin D is needed by the body to absorb calcium from foods and
to form bones. However, lack of calcium in the diet may also cause rickets. Although it can
occur in adults, most cases of rickets occur in children who suffer from severe malnutrition,
which usually results from starvation during early childhood. Osteomalacia is the term used
to describe a similar condition occurring in adults, generally due to a deficiency of vitamin D.
Osteomalacia can result in bone pain, difficulty in putting weight on bones, and sometimes
fractures.

Some studies show most people get enough Vitamin D through their food and exposure to
ultraviolet (UV) radiation in sunlight. Vitamin D is produced by certain skin cells from a
compound found inside the cells. The skin cells need UV light for this reaction to happen.
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Figure 21.16: (21)

However, eating foods to which vitamin D has been added or taking a dietary supplement pill
is usually preferred to UV exposure, due to the increased risk of sun burn and skin cancer.
Many countries have fortified certain foods such as milk, bread, and breakfast cereals with
Vitamin D to help prevent deficiency.

Osteoporosis is a disease in which the breakdown of bone matrix by osteoclasts is greater
than the building of bone matrix by osteoblasts. This results in bone mass that is greatly
decreased, causing bones to become lighter and more porous. Bones are then more prone to
breakage, especially the vertebrae and femurs. Compression fractures of the vertebrae and
hip breaks, in which the top (or head) of the femur breaks are common, and can lead to
further immobility, making the disease worse. Osteoporosis mostly occurs in older women
and is linked to the decrease in production of sex hormones. However, poor nutrition,
especially diets that are low in calcium and vitamin D, increase the risk of osteoporosis
in later life. Omne of the easiest ways to prevent osteoporosis is to eat a healthful diet
that has adequate calcium and vitamin D. For a brief animation of osteoporosis, see http:
//www.youtube.com/watch?v=5uAXX5GvGrI.

Osteoarthritis is a condition in which wearing and breakdown of the cartilage that covers
the ends of the bones leads to pain and stiffness in the joint. Decreased movement of the joint
because of the pain may lead to muscles that are attached to the joint to become weaker, and
ligaments may become looser. Osteoarthritis is the most common form of arthritis. Some
of the most common causes include old age, sport injuries to the joint, bone fractures, and
overweight and obesity. Total hip replacement is a common treatment for osteoarthritis. An
X ray image of a replacement hip joint is shown in Figure 21.18. For a brief animation of
osteoarthritis, see http://www.youtube.com/watch?v=0dUSmaev5b0.
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Figure 21.17: An X ray image of a 2-year-old who shows the typical bowing of the femurs
that occurs in rickets. Rickets causes poor bone mineralization, which results in the bones
bending under the weight of the body. (30)
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Figure 21.18: Total replacement of hip joint. One of the leading reasons for hip replacement is
osteoarthritis of the joint in which the cartilage around the top of the femur bone deteriorates
over time, and causes the bones of the joint to grind painfully against each other. This can
result in a narrowing of the space in the ball-and-socket joint structure, causing limited
movement of the hip and constant pain in the hip joint. (16)
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Lesson Summary

The human skeleton is well adapted for the functions it must perform. Functions of
bones include support, protection, movement, mineral storage, and formation of blood
cells.

The adult human skeleton usually consists of 206 named bones and these bones can
be grouped in two divisions: axial skeleton and appendicular skeleton.

There are two types of bone tissue: compact and spongy. Compact bone consists of
closely packed osteons, or Haversian systems. Spongy bone consists of plates of bone,
called trabeculae, around irregular spaces that contain red bone marrow.
Osteogenesis is the process of bone formation. Three types of cells, osteoblasts, osteo-
cytes, and osteoclasts, are involved in bone formation and remodeling.

In intramembranous ossification, connective tissue membranes are replaced by bone.
This process occurs in the flat bones of the skull. In endochondral ossification, bone
tissue replaces hyaline cartilage models. Most bones are formed in this manner.
Bones grow in length at the epiphyseal plate between the diaphysis and the epiphysis.
When the epiphyseal plate completely ossifies, bones no longer increase in length.
Bones may be classified as long, short, flat, or irregular. The diaphysis of a long bone
is the central shaft. There is an epiphysis at each end of the diaphysis.

There are three types of joints in terms of the amount of movement they allow: im-
movable, partly movable, and synovial joints (which are freely movable).

Review Questions

SEAN S e

o

Identify an example of a cell, a tissue, and an organ of the skeletal system.

Identify the main bones of the axial skeleton.

Identify the main bones of the appendicular skeleton.

List four functions of bones and the skeleton.

What is endochondrial ossification, and when does it occur?

Name the three main types of joints, and identify a location in the body that is an
example of that type of joint.

Outline how a bone fracture is repaired.

. What is the purpose of Haversian canals?

Leukemia is a type of cancer that affects bone. It is a disease in which there is an
overproduction of immature white blood cells. Identify the area of bone that is affected
by leukemia.

Further Reading / Supplemental Links

o Anatomy and Physiology © 2002 Elaine Marieb. Published by Pearson Education Inc.

as Benjamin Cummings.
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« Biology 6th Edn. © 2002 Campbell and Reece. Published by Pearson Education Inc.
as Benjamin Cummings.

e http://training.seer.cancer.gov/module_anatomy/unit3_5_skeleton_divisions

e http://training.seer.cancer.gov/module_anatomy/unit3_1_bone_functions

e http://yucky.discovery.com/noflash/body/pg000124

e http://www.estrellamountain.edu/faculty/farabee/biobk/BioBookMUSSKEL

e http://en.wikipedia.org

Vocabulary

appendicular skeleton The portion of the human skeleton that includes the bones of the
limbs, scapula and the pelvis.

axial skeleton The portion of the human skeleton that includes the bones of the head,
vertebral column, ribs and sternum.

bone marrow A soft, connective tissue found in the interior bones. Red bone marrow
produces red blood cells and white blood cells are produced by yellow bone marrow.

bone matrix A mixture of calcium salts, such as calcium phosphate and calcium hydrox-
ide, and collagen fibers (a type of protein), which form hollow tubes that look similar
to the rings on a tree.

cartilage Dense connective tissue that is made of tough protein fibers. The function of
cartilage in the adult skeleton is to provide smooth surfaces for the movement of bones
at a joint.

compact bone A type of tissue that makes up the dense outer layer of bones.

endochondrial ossification The process of replacing cartilage with bony tissue, occurs
during the gestation period and for years after birth.

endoskeleton The sturdy internal framework of bones and cartilage that is found inside
vertebrates.

epiphyseal plate Also known as the growth plate, the area of cartilage at the end of long
bones, responsible for elongation of the bone.

fracture A break in a bone.
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haversian canal Located in the center of each osteon, serves as a passageway for blood
vessels and nerves.

intramembranous ossification The process of bone tissue developing from a fibrous
membrane, usually occurs in flat bones, such as the clavicle.

joint A point at which two or more bones make contact; also called an articulation.
ligament A band of tough, fibrous tissue that connects a bone to another bone.

osteoarthritis A condition in which wearing and breakdown of the cartilage that covers
the ends of the bones leads to pain and stiffness in the joint.

osteoblast A type of bone cell that secretes the organic content of bone matrix, and is
responsible for the growth of new bone.

osteoclast A type of bone cell that removes calcium salts from bone matrix.

osteocyte A type of bone cell that is responsible for monitoring the protein and mineral
content of the bone, directing the release of calcium into the blood, and directing the
uptake up of calcium salts into the bone.

osteons Cylinder-shaped units that act like strong pillars within compact bone to give
strength, allow the bone to bear the weight of the attached muscles, and withstand
the stresses of movement.

osteoporosis A disease in which the breakdown of bone matrix by osteoclasts is greater
than the building of bone matrix by osteoblasts.

periosteum The tough, shiny, white membrane that covers all surfaces of bones except at
the joint surfaces.

rickets A common disease among children in developing countries; symptoms include soft
bones that are prone to fractures.

spongy bone A type of tissue that is less dense than compact bone, and is found toward
the center of the bone.

synovial fluid A thick fluid that reduces friction between the articular cartilage and other
tissues in synovial (moveable) joints and lubricates and cushions them during move-
ment.
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Points to Consider

o Consider how what you eat today can influence your chance of developing osteoporosis
later in life.

o Forensic pathologists can estimate the age of a deceased person even if only their
skeleton remains. Consider how this is possible.

21.2 Lesson 21.2: Muscular System

Lesson Objectives

e QOutline the major role of the muscular system.

o Relate muscle fibers, fascicles, and muscles to the muscular system.
o Explain how muscle fibers contract.

o Examine the role of ATP and calcium in muscle contraction.

o Outline how muscles move bones.

o Explain how muscles respond to aerobic and anaerobic exercise.

Introduction

The muscular system is the biological system of humans that allows them to move. The mus-
cular system, in vertebrates, is controlled through the nervous system. Much of your muscle
movement occurs without your conscious control and is necessary for your survival. The
contraction of your heart and peristalsis, the intestinal movements that pushes food through
your digestive system, are examples of involuntary muscle movements. Involuntary muscle
movement is controlled by the autonomic nervous system. Voluntary muscle contraction is
used to move the body and can be finely controlled, such as the pincer-type movement of
the fingers that is needed to pick up chess pieces, or the gross movements of legs arm, and
the torso that are needed in skating, shown in Figure 21.19. Voluntary muscle movement
is controlled by the somatic nervous system.

Muscle Tissues

Each muscle in the body is composed of specialized structures called muscle fibers. Muscle
fibers are long, thin cells that have a special talent that other cells do not have—they are
able to contract. Muscles, where attached to bones or internal organs and blood vessels,
are responsible for movement. Nearly all movement in the body is the result of muscle
contraction. Exceptions to this are the action of cilia, the flagellum on sperm cells, and the
amoeboid movement of some white blood cells.
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Figure 21.19: You need muscles to play chess. Playing chess requires fine motor movement,
but not a lot of gross muscle movements. Skating on the other hand, requires a lot of gross
muscle movement of the limbs and the entire body. (39)

Three types of muscle tissue are in the body: skeletal, smooth, and cardiac.

o Skeletal muscle is usually attached to the skeleton. Skeletal muscles are used to
move the body. They generally contract voluntarily (controlled by the somatic nervous
system), although they can also contract involuntarily through reflexes.

e Smooth muscle is found within the walls of organs and structures such as the esoph-
agus, stomach, intestines, bronchi, uterus, urethra, bladder, and blood vessels. Unlike
skeletal muscle, smooth muscle is involuntary muscle which means it not under your
conscious control.

o Cardiac muscle is also an involuntary muscle but is a specialized kind of muscle
found only within the heart.

Cardiac and skeletal muscles are striated, in that they contain highly-regular arrangements
of bundles of protein fibers that give them a “striped” appearance. Smooth muscle does
not have such bundles of fibers, and is non-striated. While skeletal muscles are arranged in
regular, parallel bundles, cardiac muscle fibers connect at branching, irregular angles. Skele-
tal muscle contracts and relaxes in short, intense bursts, whereas cardiac muscle contracts
constantly for 70 to 80 years (an average life span), or even longer.

Skeletal Muscle

Skeletal muscle, which is attached to bone, is responsible for body movements and body
posture. There are approximately 639 skeletal muscles in the human body, some of which are
shown in Figure 21.20. These muscles are under conscious, or voluntary, control. The basic
units of skeletal muscle are muscle cells that have many nuclei. These muscle cells also contain
light and dark stripes called striations, which are shown in Figure 21.21. The striations are
a result of the orientation of the contractile proteins inside the cells. Skeletal muscle is
therefore called striated muscle. Each muscle cell acts independently of its neighboring
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Figure 21.20: Frontal view of the major skeletal muscles. You would not see smooth and
cardiac muscles included in diagrams of the muscular system because such diagrams usually
show only the muscles that move the body (skeletal muscles). (19)
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muscle cells. On average, adult males are made up of 40 to 50 percent skeletal muscle tissue
and an adult female is made up of 30 to 40 percent skeletal muscle tissue.

Figure 21.21: Micrograph of skeletal muscle. The stripy appearance of skeletal muscle tissue
is due to long protein filaments that run the length of the fibers. (18)

Smooth Muscle

Smooth muscle is found in the walls of the hollow internal organs such as blood vessels, the
intestinal tract, urinary bladder, and uterus. It is under control of the autonomic nervous
system. This means that smooth muscle cannot be controlled consciously, so it is also called
involuntarily muscle. Smooth muscle cells do not have striations, and so smooth muscle
is also called non-striated muscle. Smooth muscle cells are spindle-shaped and have one
central nucleus. The cells are generally arranged in sheets or bundles, rather than the
regular grouping that skeletal muscle cells form, and they are connected by gap junctions.
Gap junctions are little pores or gaps in the cell membrane that link adjoining cells and they
allowing quick passage of chemical messages between cells. Smooth muscle is very different
from skeletal muscle and cardiac muscle in terms of structure and function, as shown in
Figure 21.22. Smooth muscle contracts slowly and rhythmically.

Cardiac Muscle
Cardiac muscle, which is found in the walls of the heart, is under control of the autonomic

nervous system, and so it is an involuntary muscle. A cardiac muscle cell has characteristics
of both a smooth muscle and skeletal muscle cell. It has one central nucleus, similar to smooth
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Figure 21.22: Smooth muscle. The appearance of smooth muscle is very different from
skeletal and cardiac muscle. The muscle protein fibers within smooth muscle are arranged
very differently to the protein fibers of skeletal or cardiac fibers, shown in (a). The spindly
shape of smooth muscle cells can be seen in (b). (2)

muscle, but it striated, similar to skeletal muscle. The cardiac muscle cell is rectangular in
shape, as can been seen in Figure 21.23. The contraction of cardiac muscle is involuntary,
strong, and rhythmical. Cardiac muscle has many adaptations that makes it highly resistant
to fatigue. For example, it has the largest number of mitochondria per cell of any muscle type.
The mitochondria supply the cardiac cells with energy for constant movement. Cardiac cells
also contain myoglobins (oxygen-storing pigments), and are provided with a large amount
of nutrients and oxygen by a rich blood supply.

Cardiac muscle is similar to skeletal muscle in chemical composition and action. However,
the structure of cardiac muscle is different in that the muscle fibers are typically branched
like a tree branch, and connect to other cardiac muscle fibers through intercalcated discs,
which are a type of gap junction. A close-up of an intercalated disc is shown in Figure
21.23. Cardiac muscle fibers have only one nucleus.

Structure of Muscle Tissue

A whole skeletal muscle is an organ of the muscular system. Each skeletal muscle consists of
skeletal muscle tissue, connective tissue, nerve tissue, and vascular tissue. Skeletal muscles
vary considerably in size, shape, and arrangement of fibers. They range from extremely tiny
strands such as the tiny muscles of the middle ear to large masses such as the quadriceps
muscles of the thigh.

Each skeletal muscle fiber is a single large, cylindrical muscle cell. Skeletal muscle fibers
differ from “regular” body cells. They are multinucleated, which means they have many
nuclei in a single cell; during development many stem cells called myoblasts fuse together to
form muscle fibers. Each nucleus in a fiber originated from a single myoblast. Smooth and
cardiac muscle fibers do not develop in this way.
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Figure 21.23: Cardiac muscle. Cardiac muscle fibers are connected together through inter-
calated discs. (44)

An individual skeletal muscle may be made up of hundreds, or even thousands, of muscle
fibers that are bundled together and wrapped in a connective tissue covering called epimy-
sium. Fascia, connective tissue outside the epimysium, surrounds and separates the skeletal
muscles. Portions of the epimysium fold inward to divide the muscle into compartments
called fascicles. Fach fascicle compartment contains a bundle of muscle fibers, as shown in
Figure 21.24.

Skeletal muscle fibers, like body cells, are soft and fragile. The connective tissue covering
give support and protection for the delicate cells and allow them to withstand the forces
of contraction. The coverings also provide pathways for the passage of blood vessels and
nerves. Active skeletal muscle needs efficient delivery of nutrients and oxygen, and removal
of waste products, both of which are carried out by a rich supply of blood vessels.

Muscles and Bones

Muscles move the body by contracting against the skeleton. Muscles can only actively
contract, they extend (or relax) passively. The ability of muscles to move parts of the body
in opposite directions requires that they be attached to bones in pairs which work against
each other (called antagonistic pairs). Generally, muscles are attached to one end of a bone,
span a joint, and are attached to a point on the other bone of the joint. Commonly, the
connective tissue that covers the muscle extends beyond the muscle to form a thick ropelike
structure called a tendon, as shown in Figure 21.24. One attachment of the muscle, the
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Figure 21.24: Individual bundles of muscle fibers are called fascicles. The cell membrane
surrounding each muscle fiber is called the sarcolemma, and beneath the sarcolemma lies the
sarcoplasm, which contains the cellular proteins, organelles, and myofibrils. The myofibrils
are composed of two major types of protein filaments: the thinner actin filament, and the
thicker myosin filament. The arrangement of these two protein filaments gives skeletal muscle
its striated appearance. (31)
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origin, is on a bone that does not move when the muscle contracts. The other attachment
point, the insertion, is on the bone that moves. Tendons and muscles work together and
exert only a pulling force on joints.

Hadius

Ulna

Humearus

Upper Extremity

Figure 21.25: Movement of the elbow joint involves muscles and bones. The contraction of
the biceps brachii muscle pulls on the radius, its point of insertion, which causes the arm to
bend. To straighten the arm, the triceps brachii muscle contracts and pulls on the ulna, this
causes the arm to straighten. (13)

For example, when you contract your biceps brachii muscles, shown in Figure 21.25, the
force from the muscles pulls on the radius bone (its point of insertion) causing the arm to
move up. This action decreases the angle at the elbow joint (flexion). Flexion of the elbow
joint is shown in Figure B 21.26. A muscle that causes the angle of a joint to become
smaller is called a flexor. To extend, or straighten the arm, the biceps brachii relaxes and
the triceps on the opposite side of the elbow joint contracts. This action is called extension,
and a muscle that causes a joint to straighten out is called an extensor. In this way the
joints of your body act like levers that reduce the amount of effort you have to expend to
cause large movements of the body.

Muscle Contraction

A muscle contraction occurs when a muscle fiber generates tension through the movement
of actin and myosin. Although you might think the term contraction means only ”shorten-
ing,” the overall length of a contracted muscle may stay the same, or increase, depending on
the force working against the muscle.
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Figure 21.26: (a) The position of the biceps brachii. (b) The biceps brachii and triceps
brachii act as an atagonistic pair of muscles that move the arm at the elbow joint. The
biceps muscle is the flexor, and the triceps, at the back of the arm, is the extensor (c). (10)

Each muscle fiber contains cellular proteins and hundreds or thousands of myofibrils. Each
myofibril is a long, cylindrical organelle that is made up of two types of protein filaments:
actin and myosin. The actin filament is thin and threadlike, the myosin filament is thicker.
Myosin has a “head” region that uses energy from ATP to “walk” along the actin thin
filament (Figure 21.31). The overlapping arrangement of actin and myosin filaments gives
skeletal muscle its striated appearance. The actin and myosin filaments are organized into
repeating units called sarcomeres, which can be seen in Figure 21.27. The thin actin
filaments are anchored to structures called Z lines. The region from one Z line to the next
makes up one sacromere. When each end of the myosin thick filament moves along the actin
filament, the two actin filaments at opposite sides of the sacromere are drawn closer together
and the sarcomere shortens, as shown in Figure 21.28. When a muscle fiber contracts, all
sarcomeres contract at the same time, which pulls on the fiber ends.

The Neuromuscular Junction

For skeletal (voluntary) muscles, contraction occurs as a result of conscious effort that comes
from the brain. The brain sends nerve signals, in the form of action potentials to the motor
neuron that innervates the muscle fiber, such as the motor neuron in Figure 21.29. In the
case of some reflexes, the signal to contract can originate in the spinal cord through a reflex
arc. Involuntary muscles such as the heart or smooth muscles in the gut and vascular system
contract as a result of non-conscious brain activity or stimuli endogenous to the muscle itself.
Other actions such as body motion, breathing, and chewing have a reflex aspect to them;
the contractions can be initiated consciously or unconsciously, but are continued through
unconscious reflexes. You can learn more about action potentials and reflex arcs in the
Nervous and Endocrine Systems chapter.
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Figure 21.27: The components of muscle contraction. The sacromere is the functional unit of
muscle contraction; it reaches from one Z-line to the next (also shown in Figure 21.28). In
a relaxed muscle, the actin (thin filament) and myosin (thick filament) overlap. In a muscle
contraction, the filaments slide past each other, shortening the sacromere. This model of
contraction is called the sliding filament mechanism. (12)
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Figure 21.28: When each end of the myosin thick filament moves along the actin filament,
the two actin filaments at opposite sides of the sacromere are drawn closer together and the
sarcomere shortens. (14)

Figure 21.29: (a) A simplified diagram of the relationship between a skeletal muscle
fiber and a motor neuron at a neuromuscular junction. 1. Axon; 2. Synaptical junc-
tion; 3. Muscle fiber; 4. Myofibril. (b) A close-up view of a neuromuscular junction.
The neurotransmitter acetylcholine is released into the synapse and binds to receptors
on the muscle cell membrane. The acetylcholine is then broken down by enzymes in
the synapse. 1. presynaptic terminal; 2. sarcolemma; 3. synaptic vesicles; 4. Acetyl-
choline receptors; 5. mitochondrion. For an animation of the neuromuscular junction see
http://www.youtube.com/watch?v=ZscX0vDgCmQ. (8)
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The Sliding Filament Theory

The widely accepted theory of how muscles contract is called the sliding-filament model
(also known as the sliding filament theory), which is shown in Figure 21.30. The presence
of calcium ions (Ca?*") allows for the interaction of actin and myosin. In the resting state,
these proteins are prevented from coming into contact. Two other proteins, troponin and
tropomyosin, act as a barrier between the actin and myosin, preventing contact between
them. When Ca?* binds to the actin filament, the shape of the troponin-tropomyosin com-
plex changes, allowing actin and myosin to come into contact with each other. Below is an
outline of the sliding filament theory.

1.

10.

11.

An action potential (see the Nervous and Endocrine Systems chapter) arrives at the
axon terminal of a motor neuron.

. The arrival of the action potential activates voltage-dependent calcium channels at the

axon terminal, and calcium rushes into the neuron.

Calcium causes vesicles containing the neurotransmitter acetylcholine to fuse with the
plasma membrane, which releases acetylcholine into the synaptic cleft between the
axon terminal and the motor end plate of the skeletal muscle fiber.

Activation of the acetylcholine receptors on the muscle fiber membrane opens its
sodium/potassium channel, which triggers an action potential in the muscle fiber.
The action potential spreads through the muscle fiber’s network, depolarizing the inner
portion of the muscle fiber.

The depolarization activates specialized storage sites throughout the muscle, called the
sarcoplasmic reticulum, to release calcium ions (Ca®™). The sarcoplasmic reticulum is
a special type of smooth endoplasmic reticulum found in smooth and skeletal muscle
that contains large amounts of Ca™™, which it stores and then releases when the cell
is depolarized.

The calcium ions bind to actin filaments of the myofibrils and activate the actin for
attachment by the myosin heads filaments.

. Activated myosin binds strongly to the actin filament. Upon strong binding, myosin

rotates at the myosin-actin interface which bends a region in the “neck” of the myosin
“head,” as shown in Figure 10.

Shortening of the muscle fiber occurs when the bending neck of the myosin region pulls
the actin and myosin filaments across each other. Meanwhile, the myosin heads remain
attached to the actin filament, as shown in Figure 21.30.

The binding of adenosine triphosphate (ATP) allows the myosin heads to detach from
actin. While detached, ATP breaks down to adenosine diphosphate and an inorganic
phosphate (ADP + Pi). The breaking of the chemical bond in ATP gives energy to
the myosin head, allowing it to bind to actin again.

Steps 9 and 10 repeat as long as ATP is available and Ca*™ is present on the actin
filament. The collective bending of numerous myosin heads (all in the same direction)
moves the actin filament relative to the myosin filament which causes a shortening of
the sacromere. Overall, this process results in muscle contraction. The sarcoplasmic
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reticulum actively pumps Cat™ back into itself. Muscle contraction stops when Cat™
is removed from the immediate environment of the myofilaments.
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Figure 21.30: The process of actin and myosin sliding past one another is called crossbridge
cycling, and it occurs in all muscle types. Myosin is a molecular motor that moves along
the passive actin. Each thick myosin filament has little extensions or “heads,” that “walk”
along the thin actin filaments during contraction. In this way the thick filament slides over
thin filament. The actin filaments transmit the force generated by myosin to the ends of the
muscle, which causes the muscle to shorten. (33)

Motor Units

It is important to remember that the sliding filament theory applies to groups of individual
muscle fibers which, along with their motor neuron, are called motor units. A single,
momentary contraction is called a muscle twitch. A twitch is the response to a single stimulus
that can involve a number of motor units. As a stimulus increases, more motor units are
stimulated to contract until a maximum level is reached at which point the muscle cannot
exert any more force.

Each muscle fiber contracts on an ”all or nothing” principle, a muscle fiber either contracts
fully, or not at all, and all the fibers in a single motor unit contract at the same time. When
a muscle is required to contract during exercise not all motor units are contracted at the
same time. Most movements require only a small amount of the total force possible by the
contraction of an entire muscle. As a result, our nervous system grades the intensity of
muscle contraction by using different numbers of motor units at a time.

Cardiac Muscle Contractions

Cardiac muscle is adapted to be highly resistant to fatigue: it has a large number of mito-
chondria which allow continuous aerobic respiration; numerous myoglobins (oxygen storing
pigment); and a good blood supply, which provides nutrients and oxygen. The heart is so
tuned to aerobic metabolism that it is unable to pump well when there is a lack of blood to
the heart muscle tissue, which can lead to a heart attack.

Unlike skeletal muscle, which contracts in response to nerve stimulation, and like certain
types of smooth muscle, cardiac muscle is able to initiate contraction by itself. As a result,
the heart can still beat properly even if its connections to the central nervous system are
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completely severed. A single cardiac muscle cell, if left without input, will contract rhyth-
mically at a steady rate; if two cardiac muscle cells are in contact, whichever one contracts
first will stimulate the other to contract, and so on. This inherent ability to contract is
controlled by the autonomic nervous system.

If the rhythm of cardiac muscle contractions is disrupted for any reason (for example, in
a heart attack or a cardiac arrest), erratic contractions called fibrillation can result. Fib-
rillation, which is life threatening, can be stopped by use of a device called a defibrillator.
Defibrillation consists of delivering a therapeutic dose of electrical energy to the heart which
depolarizes part of the heart muscle. The depolarization stops the fibrillation, and allows a
normal heartbeat to start up again. Most types of defibrillators are operated by medical per-
sonnel only. However, you may be familiar with an automated external defibrillator (AED)
which is shown in Figure 21.31.

(%] DEFIBRILLATEUR

/ \
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Figure 21.31: A wall-mounted automated external defibrillator (AED). Defibrillators are
used to “shock” fibrillating cardiac muscle back into the correct rhythm. AEDs are designed
to be able to diagnose fibrillation in a person who has collapsed, meaning that a bystander
can use them successfully with little or no training. They are usually found in areas where
large groups of people may gather, such as train stations, airports, or at sports events. (17)

Smooth Muscle Contraction

Smooth muscle-containing tissue, such as the stomach or urinary bladder often must be
stretched, so elasticity is an important characteristic of smooth muscle. Smooth muscle
(like cardiac muscle) does not depend on motor neurons to be stimulated. However, motor
neurons of the autonomic nervous system do reach smooth muscle, causing it to contract or
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relax, depending on the type of neurotransmitter that is released. Smooth muscle is also
affected by hormones. For example, the hormone oxytocin causes contraction of the uterus
during childbirth.

Similar to the other muscle types, smooth muscle contraction is caused by the sliding of
myosin and actin filaments over each other. However, calcium initiates contractions in a
different way in smooth muscle than in skeletal muscle. Smooth muscle may contract phasi-
cally with rapid contraction and relaxation, or tonically with slow and sustained contraction.
The reproductive, digestive, respiratory, and urinary tracts, skin, eye, and vasculature all
contain smooth muscle. For example, the ability of vascular smooth muscle (veins and ar-
teries) to contract and dilate is critical to the regulation of blood pressure. Smooth muscle
contracts slowly and may maintain the contraction (tonically) for prolonged periods in blood
vessels, bronchioles, and some sphincters. In the digestive tract, smooth muscle contracts
in a rhythmic peristaltic fashion. It rhythmically massages products through the digestive
tract, shown in Figure 21.32, as the result of phasic contraction.

Energy Supply for Muscle Contraction

Energy for the release and movement of the myosin head along the actin filament comes
from ATP. The role of ATP in muscle contraction can be observed in the action of muscles
after death, at which point ATP production stops. Without ATP, myosin heads are unable
to release from the actin filaments, and remain tightly bound to it (a protein complex called
actomyosin). As a result, all the muscles in the body become rigid and are unable to move,
a state known as rigor mortis. Eventually, enzymes stored in cells are released, and break
down the actomyosin complex and the muscles become ”soft” again.

Cellular respiration is the process by which cells make ATP by breaking down organic com-
pounds from food. Muscle cells are able to produce ATP with oxygen which is called aerobic
respiration, or without oxygen, an anaerobic process called anaerobic glycolysis or fermen-
tation. The process in which ATP is made is dependent on the availability of oxygen (see
Cellular Respiration chapter).

Aerobic ATP Production

During everyday activities and light exercise, the mitochondria of muscle fibers produce ATP
in a process called aerobic respiration. Aerobic respiration requires the presence of oxygen
to break down food energy (usually glucose and fat) to generate ATP for muscle contraction.
Aerobic respiration produces large amounts of ATP, and is an efficient means of making ATP.
Up to 38 ATP molecules can be made for every glucose molecule that is broken down. It is
the preferred method of ATP production by body cells. Aerobic respiration requires large
amount of oxygen, and can be carried out over long periods of time. As activity levels
increase, breathing rate increases to supply more oxygen for increased ATP production.
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Figure 21.32: The intestinal tract contains smooth muscle which moves food along by con-
tracting and relaxing in a process called peristalsis. An animation of peristalsis can be viewed
at http://en.wikipedia.org/wiki/File:Peristalsis.gif. (15)
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Anaerobic ATP Production

When muscles are contracting very quickly, which happens during vigorous exercise, oxygen
cannot travel to the muscle cells fast enough to keep up with the muscles’ need for ATP. At
this point, muscle fibers can switch to a breakdown process that does not require oxygen.
The process, called anaerobic gylcolysis (sometimes called anaerobic respiration) breaks
down energy stores in the absence of oxygen to produce ATP.

Anaerobic glycolysis produces only two molecules of ATP for every molecule of glucose, so
it a less efficient process than aerobic metabolism. However, anaerobic glycolysis produces
ATP about 2.5 times faster than aerobic respiration does. When large amounts of ATP are
needed for short periods of vigorous activity, glycolysis can provide most of the ATP that
is needed. Anaerobic glycolysis also uses up a large amount of glucose to make relatively
small amounts of ATP. In addition to ATP, large amounts of lactic acid are also produced
by glycolysis. When lactic acid builds up faster than it can be removed from the muscle,
it can lead to muscle fatigue. Anaerobic glycolysis can be carried out for only about 30 to
60 seconds. Some recent studies have found evidence that mitochondria inside the muscle
fibers are able to break down lactic acid (or lactate) to produce ATP, and that endurance
training results in more lactate being is taken up by mitochondria to produce ATP.

Functions of Skeletal Muscle Contraction

In addition to movement, skeletal muscle contraction also fulfills three other important func-
tions in the body: posture, joint stability, and heat production.

 Joint stability refers to the support offered by various muscles and related tissues that
surround a joint.

o Heat production by muscle tissue makes them an important part of the thermoreg-
ulatory mechanism of the body. Only about 40 percent of energy input from ATP
converts into muscular work, the rest of the energy is converted to thermal energy
(heat). For example, you shiver when you are cold because the moving (shivering)
skeletal muscles generate heat that warms you up.

o Posture, which is the arrangement of your body while sitting or standing, is maintained
as a result of muscle contraction.

Types of Muscle Contractions

Skeletal muscle contractions can be categorized as isometric or isotonic.

An isometric contraction occurs when the muscle remains the same length despite building
tension. Isometric exercises typically involve maximum contractions of a muscle by using:

o the body’s own muscle (e.g., pressing the palms together in front of the body)
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o structural items (e.g., pushing against a door frame)
« contracting a muscle against an opposing force such as a resistance band, or gravity,
as shown in Figure 21.33

Figure 21.33: Pushing a heavy object involves isometric contractions of muscles in the arms
and in the abdomen. This man’s grip on the trolley involves isometric contractions of the
hand muscles. The muscles in his legs are contracting isotonically. (23)

An isotonic contraction occurs when tension in the muscle remains constant despite a
change in muscle length. Lifting an object off a desk, walking, and running involve isotonic
contractions. There are two types of isotonic contractions: concentric and eccentric. In a
concentric contraction, the muscle shortens while generating force, such as the shortening of
the biceps brachii in your arm when you lift a glass to your mouth to take a drink, or a set
of dumbbells, as shown in Figure 21.34.
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During an eccentric contraction, the force opposing the contraction of the muscle is greater
than the force that is produced by the muscle. Rather than working to pull a joint in the
direction of the muscle contraction, the muscle acts to slow the movement at the joint.
Eccentric contractions normally occur as a braking force in opposition to a concentric con-
traction to protect joints from damage. The muscle lengthens while generating force. Part
of training for rapid movements such as pitching during baseball involves reducing eccentric
braking which allows greater power to be developed throughout the movement.

Figure 21.34: An example of an isotonic contraction. The biceps brachii contract concentri-
cally, raising the dumbbells. (5)

Muscles and Exercise

As we learned earlier in this lesson, your muscles are important for carrying out everyday
activities, whether you are picking up a glass of orange juice, walking your dog, or snow
wrestling (Figure 21.35). The ability of your body to carry out your daily activities without
getting out of breath, sore, or overly tired is referred to as physical fitness. For example, a
person who becomes breathless and tired after climbing a flight of stairs is not physically fit.

We cannot discuss the effect of exercise on your muscles without first clarifying the confusion
between some common terms. It is easy to get confused with the relationship between
“physical fitness,” “physical activity,” and “physical exercise.” Some people may think they
cannot fit physical activity into their lives because they are unable to afford to join a gym,
they do not have the time be involved in an organized sport, or they do not want to lift
weights. However, physical activity encompasses so much more than just “working out.”
Physical activity is any movement of the body that causes your muscles to contract and your
heart rate to increase. Everyday activities such as carrying groceries, vacuuming, walking
to class, or climbing a flight of stairs are physical activities.
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Figure 21.35: You don’t have to be super fit to play in snow, but it might help! (48)

Being physically active for 60 minutes a day for at least five days a week helps a person to
maintain a good level of physical fitness and also helps him or her to decrease their chance
of developing diseases such as cardiovascular disease, Type 2 diabetes, and certain forms of
cancer. Varying levels of physical activity exist: from a sedentary lifestyle in which there
is very little or no physical activity, to high-level athletic training. Most people will find
themselves somewhere in the middle of this wide spectrum.

Physical exercise is any activity that maintains or improves physical fitness and overall
health. Exercise is often practiced to improve athletic ability or skill. Frequent and regular
physical exercise is an important component in the prevention of some lifestyle diseases such
as heart disease, cardiovascular disease, Type 2 diabetes and obesity. Regular exercise is
also helpful with reduction in, or avoidance of symptoms of depression. Regular exercise
improves both muscular strength and endurance. Muscular strength is the ability of the
muscle to exert force during a contraction. Muscular endurance is the ability of the muscle
to continue to contract over a period of time without getting fatigued. Regular stretching
improves flexibility of the joints and helps avoid activity-related injuries.

Effect of Exercise on Muscles

Exercises are generally grouped into three types depending on the overall effect they have
on the human body:

o Aerobic, or endurance, exercises, such as cycling, walking, and running, shown in
Figure 21.36, increase muscular endurance.
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o Anaerobic exercises, such as weight training, shown in Figure 21.37, or sprinting
increase muscle strength.

o Flexibility exercises, such as stretching, improve the range of motion of muscles and
joints.

Aerobic exercise causes several changes in skeletal muscle: mitochondria increase in number,
the fibers make more myoglobin, and more capillaries surround the fibers. These changes
result in greater resistance to fatigue and more efficient metabolism. Aerobic exercise also
benefits cardiac muscle. It results in the heart being able to pump a larger volume of blood
with each beat due to an increase in the size of the heart’s ventricles.

Figure 21.36: Running is a form of aerobic exercise. (49)

Anaerobic, or resistance, exercises cause an increase in muscle mass. Muscles that are trained
under anaerobic conditions develop differently giving them greater performance in short
duration-high intensity activities. As a result of repeated muscle contractions, muscle fibers
develop a larger number of mitochondria and larger energy reserves.

During anaerobic exercise, muscles break down stored creatine phosphate to generate ATP.
Creatine phosphate is an important energy store in skeletal muscle. It is broken down to
form creatine for the 2 to 7 seconds following intense contractions. After several seconds,
further ATP energy is made available to muscles by breaking down the storage molecule
glycogen into pyruvate through glycolysis, as it normally does through the aerobic cycle.
What differs is that pyruvate, rather than be broken down through the slower but more
energy efficient aerobic process, is fermented to lactic acid. Muscle glycogen is restored from
blood sugar, which comes from the liver, from digested carbohydrates, or from amino acids
which have been turned into glucose.

Two types of muscle fibers make up skeletal muscle:
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o Slow twitch muscle fibers, or "red” muscle, is dense with capillaries and is rich in
mitochondria and myoglobin, giving the muscle tissue its characteristic red color. It
can carry more oxygen and sustain aerobic activity. The endurance of slow twitch
muscles is increased by aerobic training.

o Fast twitch muscle fibers are the fastest type of muscle fibers in humans. These fibers
tend to have fewer mitochondria than slow twitch fibers do, but they have larger energy
stores. They can contract more quickly and with a greater amount of force than slow-
twitch fibers can. Fast twitch fibers can sustain only short, anaerobic bursts of activity
before muscle contraction becomes painful. Fast twitch muscle fibers become faster
and stronger in response to short, intense activities such as weight training.

Both aerobic and anaerobic exercise also work to increase the mechanical efficiency of the
heart by increasing cardiac volume (aerobic exercise), or myocardial thickness (strength
training). Anaerobic training results in the thickening of the heart wall to push blood
through arteries that are squeezed by increased muscular contractions.

Figure 21.37: This weightlifter shows muscular hypertrophy which he has gained through
anaerobic exercise. (3)

Muscular Hypertrophy

Hypertrophy is the growth in size of muscle fibers and muscles, as shown in Figure 21.37.
Aerobic exercise does not tend to cause hypertrophy even though the activity may go on for
several hours. That is why long-distance runners tend to be slim, especially in the upper
body. Hypertrophy is instead caused by high-intensity anaerobic exercises such as weight
lifting or other exercises that cause the muscles to contract strongly against a resisting
force. As a result of repeated muscle contractions, muscle fibers develop a larger number
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of mitochondria and larger energy reserves. The muscle fibers also develop more myofibrils,
and each myofibril contains more actin and myosin filaments. The effect of this activity is
hypertrophy of the stimulated muscle.

Factors such as age and sex can also affect muscle hypertrophy. During puberty in males,
hypertrophy occurs at an increased rate. In general, males are also able to develop larger
muscles because the male body produces far more testosterone than the female body does.
On average, an adult human male body produces about eight to ten times more testosterone
than an adult female body. Testosterone is an anabolic steroid, which means it increases
protein synthesis within muscle fibers, resulting in the buildup of more myosin and actin
filaments, and myofibrils. More myofibrils means an increase in strength.

Athletic heart syndrome is hypertrophy of cardiac muscle in response to exercise. A larger
heart is able to pump more blood with a single beat, resulting in a lower resting pulse rate
than average. The average resting heart rate for a healthy adult is between 60 and 100
beats per minute, but an athlete can have a resting pulse rate of 40 beats per minute or less!
These changes would indicate heart-disease if observed in a person who is not active, but in
an athlete a large heart with a slow resting pulse is the result of normal and healthy muscle
growth, and indicates a high level of fitness.

Proper rest and recovery are also as important to health as exercise, otherwise the body is
in a permanently injured state and will not improve or adapt well to the exercise. Therefore,
it is important to remember to allow adequate recovery time of muscles between exercise
sessions. This type of rest is called active rest.

Muscle Atrophy

To remain healthy, muscles must be used. The condition in which muscle mass is lost is
called atrophy. Atrophy can occur if muscles do not get enough exercise, or if an injury
such as bone fracture causes immobility. Atrophy is the reverse of hypertrophy, muscle fibers
become smaller, which causes the muscle to become smaller. Atrophy can also result from a
spinal injury (CNS damage) leading to muscle paralysis, which the athlete in Figure 21.38
experiences. Diseases such as muscular dystrophy, amyotrophic lateral sclerosis (ALS, or
Lou Gehrig’s disease), and polio also cause muscle atrophy.

Homeostatic Imbalances of the Muscular System

Hypertrophy of internal organs can sometimes be harmful. For example, hypertrophic car-
diomyopathy, or HCM, is a disease of the heart muscle in which a portion of the cardiac
muscle (usually the left ventricle) is enlarged without any obvious cause. HCM has been re-
lated to the sudden death of young athletes, but it is also of significance as a cause of sudden
unexpected cardiac death in any age group and as a cause of disabling cardiac symptoms.
Most patients’ symptoms may be managed medically without needing surgery. HCM is not
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Figure 21.38: Muscular paralysis and the resulting atrophy of the leg muscles, as this
marathon racer with paraplegia has experienced, does not have to prevent a person from
developing aerobic fitness. (36)

to be confused with athletic heart syndrome which is hypertrophy of the heart muscle in
response to exercise.

Delayed Onset Muscle Soreness (DOMS) is the pain or discomfort often felt 24 to 72
hours after exercising and generally goes away within 2 to 3 days. Once thought to be
caused by lactic acid buildup, a more recent hypothesis is that it is caused by tiny tears in
the muscle fibers caused by eccentric contraction, or an increased level of training. Since
lactic acid is quickly taken away by in the blood, it cannot explain the pain experienced
days after exercise. Delayed onset muscle soreness can occur after any kind of exercise,
particularly if the body is unconditioned for that exercise.

Tendinitis is a painful disorder of a tendon. Generally tendinitis is referred to by the
body part involved, such as Achilles tendinitis which affects the Achilles tendon, shown in
Figure 21.39, or patellar tendinitis (jumper’s knee, which affects the patellar tendon). It
was believed that tendinitis was due to inflammation of a tendon, although this is now being
questioned. Chronic overuse of tendons leads to microscopic tears within the collagen matrix,
which gradually weakens the tissue. Eccentric muscle contractions are being researched for
their ability to speed rehab of weak or injured tendons. Achilles tendinitis has been shown
to benefit from high load eccentric contractions.

Neuromuscular diseases are those that affect the muscles and/or their nervous control. In
general, problems with nervous control can cause spasticity or paralysis, depending on the
location and nature of the problem. A large number of neurological disorders leads to
problems with movement, ranging from strokes and Parkinson’s disease, to the very rare and
incurable degenerative disorder, Creutzfeldt-Jakob disease.
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Figure 21.39: The Achilles tendon is a large tendon connecting the heel to the muscles of

the calf. (26)
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Diseases of the motor end plate include myasthenia gravis, a form of muscle weakness due
to antibodies to the acetylcholine receptor. Tetanus and botulism are bacterial intoxica-
tions in which bacterial toxins cause muscular spasms by blocking the action of inhibitory
neurotransmitters (tetanus) or decreased muscle tone (botulism).

Myopathies are diseases affecting the muscle itself, rather than its nervous control. Muscular
dystrophy is a large group of diseases which leads to progressive loss of muscle strength and
decreased life span.

Smooth muscle plays a role in a large number of diseases affecting blood vessels, the res-
piratory tract (asthma), the digestive system (irritable bowel syndrome), and the urinary
tract (urinary incontinence). However, these diseases are not usually confined just to the
muscular tissue, and affect other tissues too.

Lesson Summary

e The human body has three types of muscle tissue: skeletal, smooth, and cardiac.

e One of the main characteristics of skeletal muscle tissue is its ability to contract. Nearly
all movement in the body is the result of muscle contraction.

o Cardiac and skeletal muscles contain highly-regular arrangements of bundles of protein
fibers that give them a striped appearance. Smooth muscle does not have such bundles
of fibers, and so is not striated.

e In addition to movement, muscle contraction also fulfills some other important func-
tions in the body, such as posture, joint stability, and heat production.

o Skeletal muscle fibers respond to the neurotransmitter acetylcholine.

o The thick myosin filament has small extensions or “heads,” that “walk” along the thin
actin filaments during a muscle contraction. In this way the thick filament slides over
thin filament, and the muscle fiber shortens.

o Muscle fibers need ATP to contract and to relax.

o Muscle tissue is built up in the process of hypertrophy, and is lost in the process of
atrophy.

Review Questions

1. Distinguish between striated and non-striated muscle.

2. Distinguish between voluntary and involuntary muscle.

3. Identify the three types of muscle in the body, and give an example of where each type
is found.

4. Which type of muscle cell is multinucleated?

5. Is the quadriceps muscles in the leg an example of a smooth muscle? Explain your
answer.

6. Which type of muscle cell metabolism results in the greater production of ATP, aerobic
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or anaerobic? Give a reason for your answer.

7. Describe the components of a sacromere.

8. Distinguish between fast twitch and slow twitch muscle fibers.

9. After an athlete has completed a 100 meter sprint, his or her breathing rate will be
greatly increased, and they need time to “catch their breath.” Can you identify the
process that leads to a person needing to catch their breath?

Further Reading / Supplemental Links

e Anatomy and Physiology © 2002 Elaine Marieb. Published by Pearson Education Inc.
as Benjamin Cummings.

« Biology 6th Edn. © 2002 Campbell and Reece. Published by Pearson Education Inc.
as Benjamin Cummings.

o Zierath JR, Hawley JA (2004) Skeletal Muscle Fiber Type: Influence on Contractile
and Metabolic Properties. PLoS Biol 2(10): €348 doi:10.1371/journal.pbio.0020348;
Available online at:

e http://biology.plosjournals.org/perlserv/?request=getdocument&#38;amp;doi=
10.1371/journal .pbio.0020348

o Published: October 12, 2004.

e http://training.seer.cancer.gov/module_anatomy/unit4_1 muscle_functions

e http://www.nismat.org/physcor/muscle

e http://www.berkeley.edu/news/media/releases/2006/04/19_lactate

e http://www.cdc.gov/nccdphp/dnpa/physical/components/index

e http://www.cdc.gov/nccdphp/dnpa/physical/terms/index

e http://muscle.ucsd.edu/musintro/hypertrophy

e http://www.physsportsmed.com/issues/2002/07_02/puffer

e http://www.nlm.nih.gov/medlineplus/ency/article/000688

e http://www.imcpl.org/kids/guides/health/muscularsystem

e http://training.seer.cancer.gov/module_anatomy/unit4 1 muscle_functions

e http://en.wikipedia.org

Vocabulary

actin A thread-like protein filament that is involved in muscle contraction.

aerobic respiration The breakdown of food energy to generate ATP, occurs in the pres-
ence of oxygen.

anaerobic glycolysis (anaerobic respiration) The breakdown of stored energy in the
absence of oxygen to produce ATP.
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atrophy The loss of muscle mass.

cardiac muscle Involuntary muscle that makes up the heart.

delayed onset muscle soreness (DOMS) The pain or discomfort often felt 24 to 72
hours after exercising and generally goes away within 2 to 3 days, caused by tiny tears
in muscle fibers.

extensor A muscle that causes the angle of a joint to become larger.

flexor A muscle that causes the angle of a joint to become smaller.

hypertrophy The growth in size of muscle fibers and muscles.

isometric contraction Occurs when the muscle remains the same length despite building
tension.

isotonic contraction Occurs when tension in the muscle remains constant despite a change
in muscle length.

muscle contraction The generation of tension in a muscle fiber by the movement of actin
and myosin.

motor unit A group of individual muscle fibers along with their motor neuron.
muscle fiber Long thin cell, composed of actin and myosin, that is able to contract.

myofibril Long cylindrical organelle that is made up of two types of protein filaments:
actin and myosin.

myosin A protein filament that uses ATP to move along an actin filament, causing muscle
contraction.

sarcomeres Repeating units of actin and myosin filaments.

skeletal muscle Used to move the body, usually attached to the skeleton, controlled vol-
untarily by the somatic nervous system and involuntarily through reflexes.

smooth muscle Found within the walls of organs and structures such as the esophagus,
under involuntary control.

tendinitis A painful disorder of a tendon.
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Points to Consider

o Identify ways in which damage to the integumentary system (for example, in a person
with a severe burn) may affect the muscular and skeletal systems.

o Consider how the daily exercise routine and diet of an Olympic weightlifter would differ
from that of a professional marathon runner.

21.3 Lesson 21.3: Integumentary System

Lesson Objectives

o Identify the structures that make up the integumentary system.

o Outline the role of the skin in providing a physical barrier to the external environment.
o Distinguish between the two layers that make up the skin.

» Identify two types of glands that are found in the skin.

e Outline the function of melanin.

o Outline the structure of hair.

o Examine the structure of nails, and compare them to the structure of nails.

Introduction

Your integumentary system is the external covering of your body. It is made up of your
skin, hair, and nails. The integumentary system of other animals such as birds and reptiles
includes their feathers and scales. The name comes from the Latin term inteqgumentum,
which means “a covering.”

The integumentary system has multiple roles in homeostasis, including protection, temper-
ature regulation, sensory reception, biochemical synthesis, and absorption. Keeping water
out of the body is an important role for your integumentary system, as is shown by Figure
21.40. Your body systems all work together to maintain relatively stable internal conditions.
Each of the parts that make up your integumentary system has a special role in maintain-
ing homeostasis which we will explore a little later. An introduction to the Integumentary
System can be viewed at http://www.youtube.com/watch?v=no_XRnoNGfE.

Structure and Function of Your Skin

The skin is a vital organ that covers the entire outside of the body, forming a protective
barrier against pathogens and injuries from the environment. The skin is the body’s largest
organ, covering the entire outside of the body, and it is only about 2 mm thick. It shields
the body against heat, light, injury, and infection. The skin also helps regulate body tem-
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Figure 21.40: Your skin acts like a waterproof barrier so that you can swim without water
leaking into your body. (41)

perature, gathers sensory information from the environment, stores water, fat, and vitamin
D, and acts as a physical barrier in protecting us from disease.

Your skin is constantly in contact with your external environment so it gets cut, scratched,
and exposed to radiation, such as ultraviolet (UV) light. You also naturally shed many skin
cells every day. Your body replaces damaged or missing skin cells by growing more of them,
through the process of mitosis. Two distinct layers make up the skin: the epidermis and the
dermis. A fatty layer, called subcutaneous tissue, or hypodermis (below skin), lies under the
dermis, but it is not considered to be part of your skin. The layers that make up your skin
are shown in Figure 21.41.

The color, thickness and texture of skin vary over the body. There are two general types of
skin; thin and hairy, which is the most common type on the body, and thick and hairless,
which is found on parts of the body that are used heavily and experience a lot of friction,
such as the palms of the hands or the soles of the feet.

Epidermis

Epidermis is the outermost layer of the skin. It forms the waterproof, protective wrap over
the body’s surface and is made up of many layers of epithelial cells, shown in Figure 21.42.

The epidermis is divided into several layers where epithelial cells are formed through mitosis
in the lowest layer. The epithelial cells move up through the layers of the epidermis, changing
shape and composition as they differentiate and become filled with a tough, fibrous protein
called keratin. At this point the cells are called keratinocytes. Keratinocytes at the surface
of the epidermis form a thin layer of flattened, dead cells, (the stratum corneum in Figure
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Figure 21.41: Structure of the skin. The structures of the epidermis, dermis, and the subcu-
taneous tissue (called the subcutis in this diagram). Note how there are no blood vessels in
the epidermis. (45)
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Stratum comeum

Figure 21.42: The epidermis is made up of many layers of epithelial cells. The uppermost
layer is made up of many flat, dead, keratin-filled cells called keratinocytes. Every day,
thousands of keratinocytes get scraped off the surface of your skin, and are replaced by cells
that move up from lower layers. (53)
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21.42). Although the top layer of epidermis is only about as thick as a sheet of paper, it is
made up of 25 to 30 layers of keratinocytes. Keratinocytes get scraped off through everyday
activities, and are usually shed about a month after they reach the surface of the epidermis.

The epidermis also contains cells called melanocytes that produce the pigment melanin.
Melanin is the brownish pigment that gives skin and hair their color. Melanocytes are
located in the bottom layer of the epidermis, the stratum basale, shown in Figure 21.42.
The difference in skin color between light-skinned people and dark-skinned people is not
due to the number of melanocytes in their skin, but to the melanocytes’ level of activity.
The amount of melanin produced in a person’s skin is dependent on his or her genetics and
the amount of ultraviolet (UV) light exposure. Melanin absorbs UV rays from the sun or
other sources of UV light, such as a tanning bed. When UV light penetrates the skin and
damages DNA; the damaged DNA triggers the synthesis of more melanin. The skin also
makes vitamin D by absorbing energy from UV light. Melanin acts like a UV filter, so
the more melanin in a person’s skin, the more time the person has to spend in sunlight to
produce the same amount of vitamin D as a person with less melanin in their skin.

The epidermis also contains cells that take up and process certain marker proteins (called
antigens) from microbes that enter through the skin. This helps the immune system recognize
the microbe as an intruder, and to mount an attack on it. The epidermis contains no blood
vessels, so the lower portion of the epidermis is nourished by diffusion from the blood vessels
of the dermis.

Structure and Function of Dermis

The dermis is the layer of skin directly under the epidermis and is made of a tough elastic
connective tissue. The dermis is tightly connected to the epidermis by a membrane made of
collagen fibers. The dermis contains the hair follicles, sweat glands, sebaceous glands, and
blood vessels. It also holds many nerve endings that provide the sense of touch, pressure,
heat, and pain. Tiny muscles, called arrector pili, contract and pull on hair follicles which
cause hair to stand up. This can happen when you are cold or afraid, and the resulting little
“bumps” in the skin are commonly called goose bumps.

The dermis has two layers, each of which contains different structures:

Papillary region (upper layer): The papillary region is made up of loose connective
tissue and contains touch receptors which communicate with the central nervous system. It
is named for its finger-like projections called papillae, which extend toward the epidermis,
and help secure the dermis to the epidermis. The papillae can be seen in Figure 21.41.
The papillae provide the dermis with a "bumpy” surface that causes distinctive friction
ridges. They are called friction ridges, because they help the hand or foot to grasp things
by increasing friction. Friction ridges, as shown in Figure 21.43, occur in patterns that are
unique to the individual, making it possible to use fingerprints or footprints as a means of
identification.
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Figure 21.43: Close-up image of a toe print. The friction ridges that originate in the dermis
and make up the whorls and lines of finger and toe prints are clearly visible. Both fingers
and toes have these distinctive ridges. (24)

Reticular region (lower layer): The reticular region is made of dense elastic fibers (col-
lagen), which contains the hair follicles and roots, nerves, and glands. It gets its name from
the dense concentration of protein fibers that weave throughout it. These protein fibers give
the dermis its properties of strength, extensibility, and elasticity. Heat, cold and pressure
receptors, nails, and blood vessels are also located in this region. Tattoo ink is injected into
the dermis. Stretch marks are also located in the dermis.

Glands and Follicles

Glands and follicles open out into the epidermis, but they originate within the dermis. A
sebaceous gland, also known as an oil gland, secretes an oily substance, called sebum, into
the hair follicle. Sebum is made of lipids and the debris of dead lipid-producing cells. The
word sebum comes from the Latin word for fat, or tallow. It “waterproofs” hair and the skin
surface to prevent them from drying out. It can also inhibit the growth of microorganisms
on the skin. Sebum is the cause of the oily appearance of skin and hair. It is odorless, but
the breakdown of sebum by bacteria can cause odors. A sebaceous gland is shown in Figure
21.44. If a sebaceous gland becomes plugged and infected, it develops into a pimple, also
called acne.

Sweat glands open to the epidermal surface through the skin pores. They occur all over
the body and are controlled by the sympathetic nervous system. Evaporation of sweat from
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Figure 21.44: A sebaceous gland an associated hair follicle. Sebum acts to protect and
waterproof hair and skin, and keep them from becoming dry, brittle and cracked. (4)

the skin surface helps to lower the skin temperature, which in turn helps to control body
temperature. The skin also functions as an excretory organ because it releases excess water,
salts, and other wastes in sweat. A sweat gland is shown in Figure 21.45. There are two
types of sweat glands, eccrine glands and apocrine glands. Eccrine glands are the “regular”
sweat glands that release sweat to cool the body. Apocrine glands are larger than eccrine
glands and are located in the armpits and groin areas. They effectively act as scent glands
because they produce a solution that bacteria break down which produces "body odor.”

Mammary glands are the organs that, in the female mammal, produce milk to feed their
young. Mammary glands are enlarged and modified sweat glands and are a major charac-
teristic of mammals.

Subcutaneous Tissue

The subcutaneous tissue (also called the hypodermis), lies below the dermis and contains
fat and loose connective tissue that holds larger blood vessels and nerves. Its purpose is to
attach the skin to underlying bone and muscle as well as to supply the skin with blood vessels
and nerves. This layer is important is the regulation of body temperature. It is mostly made
up of adipose tissue (which is made up of fat cells or adipocytes); the subcutaneous tissue
contains about 50 percent of the body’s fat. The functions of subcutaneous tissue include
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Figure 21.45: Location of sweat glands in the dermis. Note that the sweat glands are called
sudoriferous glands in this image. (51)
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insulation and the storage of nutrients. The size of this layer varies throughout the body
and from person to person.

Functions of Skin: Skin and Homeostasis

The skin has multiple roles in homeostasis, including protection, control of body temperature,
sensory reception, water balance, synthesis of vitamins and hormones, and absorption of
materials. The skin’s main functions are to serve as a barrier to the entry of microbes and
viruses, and to prevent water and extracellular fluid loss. Acidic secretions from skin glands
also stop the growth of fungi on the skin. Melanocytes form a second barrier: protection
from the damaging effects of UV radiation. When a microbe gets into the skin (or when the
skin is cut) an immune system reaction occurs.

Heat and cold receptors are located in the skin. When the body temperature rises, the
hypothalamus sends a nerve signal to the sweat-producing skin glands, causing them to
release sweat onto the skin surface. The evaporation of sweat helps reduce the temperature
of the skin surface which cools the body. The hypothalamus also causes dilation of the
blood vessels of the skin, allowing more blood to flow into those areas, causing heat to be
released from the skin surface. When body temperature falls, the sweat glands constrict and
sweat production decreases. If the body temperature continues to fall, the body will start
to generate heat by raising the body’s metabolic rate and by causing the muscles to shiver.

The homeostatic functions of the skin include:

» Protection of the body’s internal tissues and organs.

« Protection against invasion by infectious organisms.

» Protection of the body from dehydration.

o Protection of the body against large changes in temperature.

o Excretion of wastes through sweat.

o Acts as a receptor for the senses of touch, pressure, pain, heat, and cold.
o Makes vitamin D through exposure to UV radiation.

o Stores water, fat, and vitamin D.

Homeostatic Imbalances of the Skin

Many wavelengths of electromagnetic radiation are emitted by the sun, some we can see,
and others we cannot. The range of wavelengths of radiation we can see is called visible
light. However, visible light makes up only a small portion of the total radiation that comes
from the sun. Two other types of radiation that you have probably heard about before
include infrared and ultraviolet radiation. Infrared light is the thermal energy, or the “heat
rays” that you feel when the sun shines on you. The other, ultraviolet (UV), which we have
discussed a little already, helps the body produce vitamin D, but it can also damage DNA
in skin cells. Our main source of UV radiation, the sun, is shown in Figure 21.46.
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Figure 21.46: Ultraviolet radiation emitted by the sun. Prolonged exposure to UV radiation
can lead to skin cancer and premature wrinkling of the skin. (37)
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Beneficial Effects of UV Radiation

A positive effect of ultraviolet radiation (UV) exposure is that it causes the production of
vitamin D in the skin. It has been estimated that tens of thousands of premature deaths
occur in the United States annually from a range of cancers due to vitamin D deficiency.

Ultraviolet radiation has other medical applications, in the treatment of skin conditions
such as psoriasis, a disorder in which red, scaly patches form due to an overproduction of
epithelial cells, and vitiligo, a condition that causes loss of pigment, which results in irregular
pale patches of skin, as shown in Figure 21.47.

Figure 21.47: Vitiligo is chronic skin condition that causes loss of pigment, resulting in ir-
regular pale patches of skin. The cause of vitiligo is not fully understood. There is some
evidence suggesting it is caused by a combination of auto-immune, genetic, and environmen-
tal factors. Phototherapy in which the patient is exposed to long-wave ultraviolet (UVA)
light from the sun or from UVA lamps, together with certain medicines, can help in many
cases. (20)
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Harmful Effects of UV Radiation

In humans, prolonged exposure to solar UV radiation may result in acute and chronic health
effects on the skin, eye, and immune system. While some sunlight is good for health, skin
cancer caused by excessive exposure to sunlight is not among the sun’s benefits. Because
some types of skin cancer are easy to cure, the danger posed by too much sunlight is perhaps
not taken seriously enough. It is important to remember that a more serious form of skin
cancer, called melanoma, is also associated with excessive sun exposure. Melanomas are
potentially lethal tumors.

The UV radiation excites DNA molecules in skin cells, causing bonds to form between
neighboring thymine bases, producing a thymine dimer that changes the shape of the DNA
helix. These dimers can lead to mutations. Mutations are changes to the base pair sequence
of DNA or RNA. Mutations can result in cancerous growths.

Skin cancer is an increasingly common condition. This is due in part to peoples’ increased
exposure to UV radiation, because of the increased popularity of sun bathing. Because
melanin protects the skin from the effects of UV radiation, lighter-skinned people are at
more risk of developing skin cancer than darker skinned people are. However, the risk of
developing skin cancer is related to the amount of sunburn and overall length of time a
person has been exposed to UV light. The three most common types of skin cancers are
shown in Figure 21.48.
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Figure 21.48: The three most common forms of skin cancer. Basal cell carcinoma (left),
squamous cell carcinoma (center), and melanoma (right). All three types arise from cells in
the epithelium. (1)

As a defense against UV radiation, the body tans when exposed to moderate levels of ra-
diation by releasing the brown pigment melanin. This helps to block UV penetration and
prevent damage to the vulnerable skin tissues deeper down. Suntan lotion, often referred to
as ”"sun block” or ”sunscreen”, partly blocks UV and is widely available. Most of these prod-
ucts contain a sun protection factor (SPF) rating that describes the amount of protection
given. This protection, however, applies only to a type of UV radiation called UVB rays, the
type of radiation that is responsible for sunburn. UVA rays, another type of UV radiation,
penetrates more deeply into the skin and may be responsible for causing cancer and wrinkles.
Some sunscreen lotion now includes compounds such as titanium dioxide which helps protect
against UVA rays. Other UVA blocking compounds found in sunscreen include zinc oxide
and avobenzone. Another means to block UV is sun protective clothing, shown in Figure
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21.49. This is clothing that has an ultraviolet protection factor (UPF) rating that describes
the protection given against both UVA and UVB radiation.

Protect Yourself From Excessive Sunlight

Figure 21.49: Some good advice from the National Cancer Institute. The risk of melanoma
and other forms of skin cancer can be significantly reduced by avoiding excessive exposure
to the sun, using sunscreen lotions, and wearing protective clothing to shield the skin from
ultraviolet radiation. (29)

Acne

The most common form of acne is known as acne vulgaris, which means "common acne.”
Many teenagers get this type of acne. Acne is a highly complicated and variable form of
skin infection. It affects more than 85% of teenagers, but frequently also continues into
adulthood. For most people, acne tends to decrease or disappear after one reaches his or her
early twenties. Excessive secretion of sebum from the sebaceous glands leads to the plugging
of the hair follicle with dead skin cells (corneocytes). This blockage is caused by a failure
of the normal process in which skin cells that line the pores are usually shed. Within these
blocked pores bacteria and yeast begin to multiply. In response to the bacterial and yeast
populations, the skin inflames, which produces a red bump.

Nails and Hair

Nails are made up of specialized epidermal cells. Fingernails and toenails contain a tough
protein called keratin and are actually a type of modified hair. The nail grows from the
nail bed, which is thickened to form a lunula (or little moon), shown in Figure 21.50. Cells
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forming the nail bed are linked together to form the nail. There are no nerve endings in the
nail.

Figure 21.50: The parts of the nail. The lunula is also called the little moon, the eponychium
is also called the cuticle. (38)

The fingernail generally serves two purposes. It serves as a protective plate and enhances
sensation of the fingertip. The protection function of the fingernail is commonly known,
but the sensation function is equally important. The fingertip has many nerve endings in
it allowing us to receive volumes of information about objects we touch. The nail acts as a
counterforce to the fingertip providing even more sensory input when an object is touched.

Nails are made up of many different parts, as shown in Figure 21.50:

o The free edge is the part of the nail that extends past the finger, beyond the nail plate.

o The nail plate is what we think of when we say “nail,” the hard and translucent portion,
composed of keratin.

o The lunula is the crescent shaped whitish area of the nail bed (when visible).

o The eponychium or cuticle, is the fold of skin at the end of the nail.

Nails grow at a rate about 1 cm every 100 days. Fingernails require 4 to 6 months to regrow
completely and toenails require 12 to 18 months. Actual growth rate is dependent upon
age, season, exercise level, and hereditary factors. This growth record can show the history
of recent health and physiological imbalances, and has been used as a diagnostic tool since
ancient times.

Major illness will cause a deep horizontal groove to form in the nails. Discoloration, thinning,
thickening, brittleness, splitting, grooves, spots, lines, receded lunula, or changes in the shape
of the nail can indicate illness in other areas of the body, nutrient deficiencies, drug reaction
or poisoning, or a physical injury to the nail or nail bed.
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Figure 21.51: A hair follicle and hair. (25)

Hair is a filamentous fiber that is found only on mammals. The main component of hair
is the tough protein keratin. Hair emerges from the epidermis, although it grows from hair
follicles deep in the dermis, shown in Figure 21.51. The hair of non-human mammal species
is commonly called fur.

Humans have three different types of hair:

o Lanugo is the fine hair that covers nearly the entire body of fetuses.
o Vellus hair is the short, fine, "peach fuzz” body hair that grows in most places on the
human body except for the palms of the hands and the soles of the feet.
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e Terminal hair is the fully developed hair which is generally longer, coarser, thicker,
and darker than vellus hair.

Different parts of the human body have different types of hair. From childhood onward,
vellus hair covers the entire human body except on the lips, the palms of hands, the soles
of feet, the navel, and scar tissue. The density of the hairs (in hair follicles per square
centimeter) varies from one person to another.

Figure 21.52: Magnification of a human hair. The hair shaft is composed of dead, keratin-
filled (keratinized) skin cells that overlap each other like the shingles, or tiles on a roof. You
can see the overlapping cells in this image. (50)

What is the function of hair? In people, hair serves to insulate, to protect, and to sense the
immediate surroundings. Insulation serves to conserve heat. The hair on your head insulates
your body from heat loss. Eyelashes and eyebrows protect the eyes from water, dirt, and
other irritants. Nose hairs act as a physical barrier to any particles or microorganisms that
might be in the air we breathe.

Curly hair has a different biological structure than straight hair, shown in Figure 21.52. It
tends to be much drier than straight hair because the oils secreted into the hair shaft by the
sebaceous glands can more easily travel down the shaft of straight hair. People with very
curly hair may find that this hair type can be dry, hard to manage, and often frizzy.

Individual hairs have periods of growth and dormancy. During the growth portion of the
cycle, hair follicles are long and bulbous, and the hair grows out at about a third of a
millimeter per day. After three to six months, body hair growth stops (the pubic and armpit
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areas having the longest growth period). The follicle shrinks and the root of the hair grows
rigid. Following a period of dormancy, another growth cycle starts, and eventually a new
hair pushes the old one out of the follicle from beneath. Head hair, by comparison, grows
for a long duration and to a great length before being shed. Terminal hair is genetically
programmed to be straight, curly or wavy, and it tends to change over time.

Hair color is the result of pigmentation due to the presence of different forms of melanin. In
general, the more melanin present, the darker the hair color; the less melanin, the lighter
the hair color. A person’s hair color may also change over time and may be more than one
color at a time.

Lesson Summary

The integumentary system consists of the skin, hair, and nails.

The skin is the covering of the body. It acts as a physical barrier to the external
environment.

The outermost layer, of the skin, the epidermis, consists of many layers of dead kera-
tinized skill cells. The epidermis is waterproof and prevents fluids from leaking out of
the body and into the body.

The dermis is the layer of skin directly under the epidermis and is made of a tough elas-
tic connective tissue. The dermis is tightly connected to the epidermis by a membrane
made of collagen fibers.

Glands and follicles open out into the epidermis, but they originate within the dermis.
A sebaceous gland or oil gland secretes an oily substance, called sebum, into the hair
follicle. Sweat glands open to the epidermal surface through the skin pores. They
occur all over the body and are controlled by the sympathetic nervous system.
Melanin is the brownish pigment that gives skin and hair their color. It is found in
melanocytes are located in the bottom layer of the epidermis. Melanin acts as a UV
filter, it absorbs UV rays from the sun or other sources of UV light, such as a tanning
bed.

The main component of hair and nails is the tough protein keratin.

Review Questions

SRS

Name all of the parts of the integumentary system.

Name the two layers that make up the skin, and identify a function for each layer.
Why is subcutaneous tissue also called subdermal tissue?

Why is the epidermis considered the dead part of the skin?

Name the cells that produce melanin and describe where they are found.

Explain how sweating helps regulate body temperature. Use Figure 21.53 of part
of the integumentary system to answer questions 7 and 8.

In what layer of the skin would you find this tissue?
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Figure 21.53: (28)

8. Name the substance that is found in the uppermost layer of this tissue.
9. Describe one function of hair.
10. Identify the substance that prevents skin and hair from drying out.

Further Reading / Supplemental Links

Anatomy and Physiology © 2002 Elaine Marieb. Published by Pearson Education Inc.
as Benjamin Cummings.
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Vocabulary

dermis The layer of skin directly under the epidermis, contains the hair follicles, sweat
glands, sebaceous glands, and blood vessels.

epidermis The outermost layer of the skin.
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integumentary system The organ system consisting of your skin, hair and nails.
melanin The brown pigment that gives skin, hair and eyes their color.
melanocytes Cells that produce melanin, found in the skin, hair and eyes.
mutation A change to the nucleotide sequence of DNA or RNA.

papillary region Part of the dermis that contains touch receptors, which communicate
with the central nervous system.

reticular region Part of the dermis that contains the hair follicles and roots, nerves, and
glands.

sebaceous gland Secretes an oily substance, called sebum, into the hair follicle.

sebum An oily substance secreted by sebaceous glands that is composed of lipids and debris
of dead lipid-producing cells, responsible for protecting the skin and hair against drying
out, and infection by microorganisms.

subcutaneous tissue (hypodermis) Lies below the dermis and contains fat and loose
connective tissue that holds larger blood vessels and nerves, attaches the skin to un-
derlying bone and muscle.

Points to Consider

o Identify reasons why you should wear sunblock with an SPF value of at least 15 ev-
eryday.

o Consider what might happen if hair, fingernails and toenails contained sensory recep-
tors.
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