uscular and

celetal Systems

Nervous sysiem

+ The skeleton protects the CNS.

+ Bone acts as a store of calcium jons
required for nerve function.

« Innervation of bone and joint capsules
provides sensation and positional
awareness.

« Muscular activity is dependent on
innervation,

Endocrine system

+ The skeleton protects the endocrine organs
especially in the pelvis, chest, and brain.

+ Bone lakes up and releases calcium in
response {o hormones.

« Androgens and growth hormone promote
muscle sirenglh and Incraase in mass.

Respiratory system

+ Skeleton encloses and protects lungs
+ Flexible ribcage enables ventitation of
the tungs for exchange of gases (0,/CO,).
» Diaphragm and intercostals produce
volume changes in breathing.

Lymphatic system and immunity

¢ Stam cells in the bone marrow give rise to
the lymphocyles involved in the immune
response.

v

Cardiovascular system

» Heart and blood vessels fransport Oy,

Urinary system

nutrients, and waste products to all the body.
Bone marrow produces red blood cells

Bone matrix stores calcium, which is
required for contraction of muscle in the

= The skeleton protects the pelvic crgans.
= Final activation of vitamin D, which is

involved in calcium and phosphorus
metabolism, occurs in the kidneys.

+ Urination controlied by a volurtary
sphincter in the urgthra,

heart and blood vessels.

Digestive system

+ Skeleton provides some protection and
support for the abdominal organs.

» Digestive syslem provides nutrients
for growth, repair, and maintenance of
muscle and connective tissues.

Reproductive system

= The skeleton protects the reproductive
organs.

¢ Reproductive (sex) hormones influence
skeletal deveiopment. '

Skeletal system

« Muscular activity maintains bone strength
and helps determine bone shape.
* Muscles pull on bonas to create movement.

Muscular system

= Skeleton acts as a system of levers for
muscular activity.

* Bone provides a store of calcium for muscle
coniraction.

Integumentary sysiem

» Skin abserbs and produces precursor of
vitamin D, which is involved in calcium and
phosphorus metabaolism,

* Skin covers and protects the muscle tissue,

General Functions and Effects on all Systems
The skeletal system provides bony protection for the internal organs, especially the brain and spinal cord,
_and the lungs, heart, and pelvic organs. The muscular system acts with the skeletal system to generate
' voluntary movements. Smooth and cardiac muscle provide motility for involuntary activity,




» Pain (moderate to severe)

Blood tests
Bone scans

of disorders  + Medical imaging technigues

¢ Athroscopy

Symptoms | . Diagnosis o
of disease Inflammation
+ |Imitations in function
) * Growth disorders
Disorders of  « Trauma (fractures and sprains) .

the bones  »

Infection

and joints  « Tumors
» Degenerative diseases

Treatment
of injury .

Surgery
Physical and drug therapies
Prosthetics and orthotics

. ¢ |nheriied disgases ° Surgery
Diseases of  « piprosis (scarring) Trealmenl ¢ Radiotherapy (for cancers)
the skeletal . grains, tears, and cramps of inherited  © Physical and drug therapies
MUsCles o penervation and atrophy disorders  * Prosthetics and orthotics
= Gene therapy
« Osteomalacia + Joint replacement
= Osteoarthritis * Grafts
* Osteoporosis * Genetic counselling
e Sarcomas e X-rays
» Muscular dystrophy * MRI

&

Aging and
the bones, °
joints, and

muscles ¢

Support & Movement

The Musculoskeletal System

The musculoskeletal systern can be
affected by disease and undergoes
changes associated with aging.

Medical technologies and exercise caf
be used to diagnose, treat, and delay
the onset of musculoskeletal disorders.

» Osteoarthrilis * hMuscle fatigue
* Oslecporosis * Fastvs slow twitch
* Muscular atrophy s Aerobic training

= Anaerobic training

Effects of °

Bone loss exercise .
Loss of muscle mass on hones, .
Accumulated trauma joints, and =
Increased incidence of cancers muscles .

increased bone density

Increased lean muscle mass
Changes In flexibility & joint mobility
Changes in fiber type & recruitment
Changes in oxidative capacity




@ skeleton is formed from two hard connective tissues: bone
d cartilage. It has five basic functions: it provides support and
otection for soft tissues and organs, it allows for movement,
d it is invoived in storing minerals {calcium and phosphorus)
d blood cell formation. Bones also have a role in the
nduction of sound in the middle ear. Although bone is a hard
sue, it is dynamic and is continually remodeled and repaired
gording to needs and in response to blood calcium levels and

Ossification and Bone Growth
e A hyaline cartilage 'model' forms
)/ most of the skeleton of the embryo.
) The cartilage modal is first covered
o / by a bone ratrix or 'bone collar.
: [:/ Bone begins to replace carlilage,
i o

Hyaline
cartilage

New center of

) Bone growth .

Bone grows in tength by
continuous growth of new
carfilage in the epiphyseal
plate, which is then
replaced by new bone.

|- Growth in length T :

carlilage is
digested away

Arficular carfilage ~——==" "~ 7

/

Medullary cavity . : .. : Blood
opens where e gh t\ supply

By the time of birth, most
of the hyaline cartilage
has been replaced

by bone except at the
articular cartilage at the
bone ends and at the
epiphyseal piates.

New bone forming

Growth in widlh
(appositional growth)™<™
Bones increase in width
by addition of new bone
to the outside of the
diaphysis and resorption
of bone from the inner
diaphysis surface. The
processes of bone
formation and breakdown
{called bene remodeling)
occur at the same sate.
Bone remodeling is also
invelved in bone repair.

New bone forming

Epiphyseal plate
{of cartitage)

Lypn Bry

A fibrocartilage calus or tissue
mass (indicated) begins the repair
process on a fractured humerus.

This x-ray shows the epiphyseal
dlates of a child's hand, seen as
separate from the longer bones.
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the pull of gravity and muscles. Hormones are also involved:
the maturation of bones is influenced by thyroid hormones,
adrenal androgens, and gonadal sex steroids. Bones have a
simple gross structure, typified by the long bone such as the
humerus, but a complex internal structure of lameilae. Most
bones of the skeleton are formed from hyaline cartiage by a
process of ossification (bone formation) and they grow by bone
remodeling. Bone remodeling is also important in bone repair.

Mature Long Bone

Hyaline cartilage covers
the arlicular surface of the
epiphysis. It provides a
smocth surface that reduces

Proximal )
friction at joint surfaces.

epiphysis

Spongy bone

Epiphyseal line is a remnant
of the epiphyseai plate, which
seen in young growing benes.

Compact bone
Medullary cavity

Yellow bone marzaw,
which is mainly fat, fills
the cavity of the shaft.

A Artery supplies nutrients
}/ . {0 the bone tissue.
£

Diaphysis —|

The periosteum is a
fisrous, connective tissue
membrane covering the
surface of the diaphysis.

The epiphyses are the
ends of the long bone,
Each has & thin Jayer of
compact bone and central
area of spongy bone.

In adults, red marrow,
which forms blood cells, is
confined to these cavities in
the spongy bone of some
flat bones and epiphyses.

Distal
epiphysis

Georgetown Untvarsily Hospital

A section of a femur head shows
outer compact bone surrounding
inner spongy bone and marrow.

Red bone marrow is stored in the
cavities of spongy bone. Here it is
being extracted for transplant.

Related activities: Hematopoiesis, Growih
Web links: Skelelon and Joints
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#? Phote: section through
. compact bone to show most
of a single ostecn

The Ultrastructure of Bone

The colls that produce the bone are called
ostechlasts. They secrele the matrix of calcium
phosphate and collagen fibers that forms the
rigld bone. Once malure and embedded within
the matrix, the bone cells are called osteocytes.
Dense bone has a very regdlar structure,
composed of repeating units called Haversian
systems. Each Haversian system has concentric
rings of hard material enclosing the bone cells.
Haversian canals running through the bone
contain blood vessels and nerves so that the
bone cells can be supplied with oxygen and

—— Haversian cana$

Strands of tissue
link bone cells

Periosteum around bone

; Concentric lamellae
7 innermost

nutrients, and wastes can be removed. _
Section through SN Circuméerential
bone fissue EWHNE 2200 lamellae next to

Osteocyle In lacuna :
Y XN\ The periosteum

Inner surface
of bone

Haversian canal through
which veins, arteries, and
nerves service surrounding
bone tissue. Each complex of
a central canal and matrix rings
is called an osteon,

~3 4,
Matrix ——& @

Canaliculi

Cyloplasmic connection Perforating canals link
to neighboring cell Haverstan canals, running at
right angles to the bone shaft.

Osteocyte (bone cell) embedded in a acuna within the
matrix {mainly calcium phosphate and collagen). The
osteocytes maintain the bone tissue. Osteocytes (mature bone cells)

Describe the way in which bones grow in length and distinguish this from appositional growth:

Describe how the skelaton fulfills each of the following functional roles:

(a) Support:

(h) Protection:

{c) Movement:

{d) Blood cell production:

(&) Mineral storage:
Identify the feature described by each of the following definitions:

(a) A feature of bones that are still increasing in length:

{b} The long shaft of a mature bone:

(c) Fibrous, connective tissue membrane covering the surface of the bane shaft:

() The end of a long bone, covered in articular hyaline cartilage:

Distinguish between osteoblasts and osteocyies and describe the role of each:

Explain the function of the Haversian canal system in hard bone tissue:
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The human skeleton consists of two main divisions: the axial  for example, are long bones. Bones also have features such as
skeleton, comprising the skull, rib cage, and spine, and the  processes, holes (foramina, sing. foramen), and depressions
appendicular skeleton, made up of the limbs and the pectoral  (fossae), associated with nerves, blood vessels, ligaments, and
and pelvic girdles. As well as being identified by their location,  muscles. Understanding the basic organization of the skeleton,
bones are alsoc described by their shape (e.g. irregular, flat, the parficular features associated with its component bones,
long, or short), which is related to their functional position in  and the nature of skeletal articulations {joints) is essential to
the skeleton. Most of the bones of the upper and lower limbs,  understanding how the movement of body parts is achieved.

WORD LIST:

phalanges, humerus, patella,
scapula, tibia, clavicle, sternum,
lumbar vertebra, femur, phalanges,
cranium, sacrum, metacarpals,

rib, ilium, fibula, carpals, tarsals,
metatarsals, facial bones

The shoulder girdle
attaches to the axial
skelelon here

Axial skeleton
[] Appendicular skeleton
[] Cartilage

5‘\ Do
\\ \‘ G:Q_‘_-f\
RN {7
\.'\xk 7 ,’I !\‘\“‘1
: 415

Each hip (coxal) bone
is formed by a fusion
of three bones. The
hips join centrally at
the pubic symphysis.

‘Bone Shapes

Flat bones have a thin Irregular bones have an

cube shaped and contain they are wide: flattened shape: ' irregular shape and do not
mostly spongy bone: ® maost bones of the upper ¢ ribs {above) fit into the other groups:

® carpals (above) limbs. €.g. ulna, radius @ starnum e vertebrae {above)

° tarsals ¢ maost bones of the lower ® scapulae @ hip bones

® palefia limbs, e.g. fernur, tibia ¢ some skuli bones ° facial bones

© 20809 BIOZONE international
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The Bones of the Spine

Cervical curvature
o (concave)

7 vertebragi C1- C7,
includinig attas (G1)
and axis (C2)

Vertebral foramen
through whict: spinal —1
cord passes

Thoracic curvature
{convex)

12 vertebrae: T1 - T12 —
vertebrae articulate
with the ribs

Interveriobral discs
cushion vertebrae and ™|
absorb shocks

Lumbat curvature
{concave)

5 vertebrae: L1-L5 ..—
vertebrae are
weight-bearing and
sturdy

Sacral curvature
{concave)

5 fused vertebrag —
form the posterior
wall of the pelvis

Coceyx
4-5 fused vertebrag ~

Features: Cervical vertebrae

are the smallest and lightest of

the vertebrae. They always have
openings (foramina) through which
the vertebral arteries pass. The atlas
{C1) has no body and articulates with
the skull, while C2 (the axis) acts as
a pivot for rotation of the atlas.

Thoracic vertebra

lalaral view

superior view

Features: Larger than the cervical
vertebrae, with a slightly heart-
shaped body. The transverse
pracesses articulate with the ribs. The
spinous process is long and points
sharply downward.

Lumbar vert

Features:

Large, block-like body
and short processes,
Note how a lumbar
vertebra resembles

a moose head in the

superior view lateral view.

Cervical vertebrae

Posterior arch

Atlas Gy

Transverse
process

Anterior arch

Axis (Cg)

Facet
Spinous process

Vertebral foramen
o
oy

=" Foramen in
o transverse

process

Vertebral features as iliustrated in a
typical cervical veriebra

Sacrum and Coccyx

Articutation §
with L5

Fused
spinous
processes
make a
sacral crest
Coceyx

Features: Fused vertebrae. The sacrum
articulaies with Lg and the cocoyx.

Photos courtesy Praf. John Bath

1. Use the word list provided on the previous page to label the bones (a)-(t) of the skeleton in the diagram.

2. Identify the vertebrae associated with each of the following features:

(a) Functional role in bearing much of the spinal foad:

(b) Articulate with the ribs. Vertebral body is heart shaped (highlight this on the diagram):

(c) Articulates with the skull and lacks a vertebral body:

(d) Typically has a small body and foramina (openings) in the fransverse processes:

(e) Forms the posterior wall of the bony pelvis:

3. {a) Describe the function of the shoulder (pectoral) girdle and name its components:

(b) Identify the single point of attachment of shoulder girdie to the axial skeleton:

4. Explain how and why the male and female pelves (sing. pelvis) differ:
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3ones are too rigid to bend without damage. To allow movement,
he skeletal system consists of many bones held together
it joints by flexible connective tissues cafled ligaments. All
novements of the skeleton occur at joints: points of contact
Jetween bones, or between cartilage and bones. Joints may be
-|lassified structurally as fibrous, cartilaginous, or synovial based
an whether fibrous tissue, cartilage, or a joint cavity separates

the bones of the joint. Each of these joint types allows a certain
degree of movement, Fibrous joints, such as the sutures of the
skull, generally allow little or no movement. Cartilaginous joints
{e.g the pubic symphysis) generally allow slight movement,
while synovial joints enable free movement in one or more
planes (see table overieaf). Bones are made to move about a
joint by the force of muscles acting upon them.

Cartilaginous Joints

Here, the bone ends are connected by
carlilage. Most allow jimited rmovement
although some (e.g. between the first ribs
and the sternum) are immovable,

Immovable Fibrous Joints

The bones are connected by fibrous tissue.
in some (e.g. sutures of the skulf), the
bones are tightly bound by connective
fissue fibers and there is no movement.

Synovial Joints

These alow free movement in one or
more plangs. The articulating bone ends
are separated by & joint cavity containing
lubricating synoviat fluid (see overleaf).

Hyaline cartilage forms the
immovable joint between
rit 1 and the sternum

Intervertebral discs
of fibrocartilage
belween vertebrae

SEn
SRS
7/l
Fibracariiia 7€ 11 i
connectifg | & pubic
bones anteriorly

Fibrous Joints with slight give

In some fibrous joints, the connective tissue
fibers joining the bones are long encugh to
allow very slight give in the joint.

Fibrous connective tissue
strands join the distal ends
of the tibia and fibuia.

ISBN: 978-1-877462-26-9
Phetocopying Prohibited

Related activities: Body Membranes and Cavities, The Mechanics of
Locomotion, Autoimmune Diseases Web links: Skeleton and Joints

Ball and socke!

Hinge joint

Saddle joint

Condyloid joint

Plane joint




Classification of Synovial Joints Structure of a Synovial Joint

R PRy Sl ER Quadriceps muscle
uctire - { Movement. |- Examples
RO RELERWHEEE R —_— CQuadriceps lendon
Fiat articular Short gliding ] - intercarpal joints (holds muscle to bone)
: rfaces movements - intertarsal joints
: (gl_l._d_ing) S J Articular
R Cylindrical end of Angular - elbowl(i?umerus-ufna} {hyaline} cartilage
: Hi cnebone fitsintoa | ot ibin ankle joint
- Fhinge wough-like surface one plane - joints between the Fibrous capsule
N on the other bone phalanges encloses joint
Round end of cne - joint between radius ﬁiggza )
bone filsinto a | Rotation around | and ulna P
 Pivet slesve or ring of the leng axis | - joint between atlas
bone and axis
Free movement
) Two oval articular intwo planes |
Condyloid surlaces (sice to side and knuckies of the hands
back and forth)
Cne convex and Free movement |~ ioint between car;:afs Joint capsule
Saddle one concave h and metacarpals in \ H
articular surface in two planes | e shumb Synovial membrane contalning
secretes lubricating synavial fluid
Spherical head of synovial fluld
Balland { one bone fits into | Free movement | - shoulder joint
socket a round socket on in all axes - hip joint (hip/fernus) The knee joint is
the other typical synovial jolnt. \
Lika most synovial The patella ligament

{holds bone ta bone)
is an extension of the
quadriceps tendon

Synovial joints allow free movement of body parts in varying directions ~ Joins, it is reinforced

(one, two or three planes). Some examples of typical synovial jaints and by ”9"’!"”2”’5 (r':"’s‘

the movements they aflow are described above. are nol shown here).

1. Classify each of the synovial joint models (A-E) at the bottom of the previous page, according to the descriptors below:
(a) Pivot: . (b)Hinge: ... (c) Ball-and-socket: _______ {(d) Saddle: ______ (e} Gliding:

2. Describe the basic function of joints:

3. The skull bones of babies at birth and early in infancy are not fused and some areas {the fontanelles) have still to be
converted to bone. Describe two reasons why the skull bones are not fused into sutures until around 2 years of age:

(@)
)

4. Describe the major difference between a fibrous and a cartilaginous joint:

5. {a) Describe the features common to most synovial joints:

(b) Explain the role that synovial fluid and cartilage play in the structure and function of a synovial joint:

A sprain occurs when

the ligaments or tendons

reinforeing a joint are

siretched excessively

or torn. The sprain /s
cecoinpanied by brufsing

and swelling. .

6. Sprains {right} are extremely painiul. Explain why they are also slow to heal:

Bruise around sprain
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After reaching physical maturity the body undergoes degenerative
changes known as senescence or aging, The process Is
characterized by increasing homeostatic imbalance, and increasing
susceptibility to stress and disease. Aging occurs as a result of cells
dying and renewal rates slowing or stopping. This applies to bone as
well as other tissues; the rate of bone remcdelling slows and bone

Osteoarthritis o
Loss of lubricating

Osteoarthritis {OA) a chronic fluid and cartilage
degenerative disease aggravated
by mechanical stress on bone
joims. It is characterized by the
degeneration of cartilage and the
formation of bony outgrowths
(bone spurs or osteophytes}
around the edges of the eroded
cartilage. This leads to pain,
stifiness, inftammation, and full or
partial loss of joint function. OA
occurs in almost all people aver the
age of 60 and affects three times
as many women as men. Weight
bearing joints such as those in the
knee, foot, hips, and spine are the
most commonly affected. Although
there is no cure, the symptoms can
be greatly relieved by painkillers,
anti-inflammatory drugs, and
exercises to maintain joint mobility.

Spur

l.oss of
height

Hunching

Osteoporosis of spine

Osteoporosis is an age-related
disorder where bone mass
decreases, and there is a (oss of
height and anr increased tendency
for bones to break {fracture}.
Women are at greater risk of
developing the disease than men
becauss their skeletens are lighter
and their estrogen levels fall after
mencpause (estrogen provides
some protection against bone loss).
Younger women with low hormene
levels andfor low body weight are
also affected. Osteoporosis affects
the whole skeleton, but especially
the spine, hips, and legs.

Ostecporosis
aftecting the spine

1. Describe the main reason for age-related loss of mass:

resorption rates begin to exceed rates of deposition. Consequently,
there is a loss on skeletal strength and an increased tendency
for bones to fracture. Note that the degenerative diseases of the
skeleton described below (osteoporosis and osteoarthritis} are
related to but not caused by aging. There are many people well into
old age who have no signs of skeletal disease.

The loss of cartilage,
the wearing of bone,
and the growth of
spuss all combine 1o
change the shape of
joints affected by CA.
This forces the bones
ou! of their normal
positions and causes
deformity, as seen

in the fingers of this
eiderly patient.

In severe osteoarthritis, the
cartilage can become so thin
that it no longer covers the
thickened bone ends. The
bone ends teuch, rub against
each other, and start to wear
away, as shown in this X-ray
ot an osteoarthritic knee (left).
X rays are the commonly used
diagnostic method for QA as
the features associated with
the disease show up clearly.

The diagnosis of
ostecporosis is
made by measuring
the hone mineral
denslity (BMD).

The most widely-
used method is

dual energy X-ray
absorptiometry or
DXA (left). Two X-ray
beams with differing
energy levels are
aimed at the patien{'s
banes. The BMD is
determined from the
absorption of each
beam by bone.

2. Describe how the structural changes in an ostecathritic joint relate to loss of function:

3. Explain why loss of bone mineral density is associated with increased risk of bone fracture:
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Related activities: Aging and the Endocrine System
Webh links: Osteoarthritis
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rhere are three kinds of muscle tissue: skeletal, cardiac, and
smooth muscle, each with a distinct structure, The muscles used
or posture and locomotion are skeletal (voluntary) muscles and
we largely under conscious contral. Their distinet appearance is
he result of the regular arrangement of contractile elements within

Skeletal muscle

Cardiac muscle

57

the muscle cells. Muscle fibers are innervated by the branches
of motor neurons, each of which terminates in & specialized
cholinergic synapse called the neuromuscular function {or motor
end plate). A mofor neurcn and all the fibers it innervates {(which
may be a few or several hundred) are called & motor unit.

Smooth muscle
Also called involuntary muscle because it Is not

Also called striated or striped muscle. it has a
banded appearance under high power microscopy.
Sometimes called voluntary muscle because it

Specialized striated muscle that does not fatigue.
Cells branch and connect with each olher {o assist
the passage of nerve impulses through the
muscle, Cardiac muscle is not under conscious

under conscicus control. Centractile filaments
are irreqularly arranged so the contraction is not
in one direction as in-skelelal muscle. Cells are

is under conscious control, The cells are large

with many nuclei at the edge of each cell. control (it is involuntary).

Structure of Skeletal Muscle

Skeletal muscle is organized into bundles of muscle cells or fibers. Each
iber is a single cell with many nuclei and each fiber is itself a bundle of
imalier myofibrils arranged lengthwise. Each myofibril is in turn composed
f two kinds of myofilaments (thick and thin), which overlap to form light
wnd dark bands. I is the alternation of these light and dark bands which
jives skeletal muscle its striated or striped appearance. The sarcomere,
jounded by the dark Z lines, forms one complete contractile unit,

Skeletal muscle enclosed In

Bundies of muscle fibers
(fascicles) enclosed in
fibrous petimysium

Single muscle fibar

The relationship belween muscle,
fascicles, and muscle fibers {cells)

When a nerve impulse arrives at the
neuromuscular junction (motor
end plate) it causes the release of
acelylcholing, stimulating an action
potential in the sarcolemma.

Branch of a motor neuron

An action potential is
conducted to all myofibrils
of the muscle fiber.

<G«
nnnnn""'
1

aripheral nucleus

Sarcoplasmic reticulum:
a network of membrancus
tubules containing a store

of caleium jons. Sarcolemma

{=plasma membrane}
seen in cross section
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Filaments of & myocfibril

b ko

spindle shaped with one central nucleus.

Longltudlnal section of a sarcomere

| band {light) A band (dark) I band {light)

wawy

Related activities: The Sliding Filament Theory, Chemical Synapses,

—

[

L3 f— 1
! —->
Thin filament  Thick and thin filaments Thick filament
made of actin  slide past each other. made of myosin
O.o. Thick
Crossg section through O.D.O firament
a region of overlap o oo o
between thick and . . .(
thin filaments. OO Thin
flament

The photograph of a sarcomere (above) shows the banding pattern
arising as a result of the arrangement of thin and thick filaments, ¢
is represented schemalically in fongltudinal section and cross seclion.

Neuromuscular junclions

Above: Axon terminals of a motor neuron supplying a muscle. The
branches of the axon lerminate on the sarcolemma of a fiber af
regions called the neuromuscular junclion. Each fiber receives a
branch of an axon, bit one axon may supply many muscle fibers,

A b s mtian
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The Banding Pattern of Myofibrils When Things Go Wrong

Within a myoflbril, the thin filaments, held together by the Z lines,
project in both directions. The arrival of an action potential sets in
motion' a serles of events that cause the thick and thin filaments to
slide past each other. This Is called contraction and it results in
shortening of the muscle fiber arid is acéompanied by a visible
change in the appearance of the myofibril: the | band and the Cennective tissue of
sarcomere shorten and H zone shortens or disappears (below). endomysium {shealh

around muscle fiber)

Zlne o H_zdné_' - Relaxed '

N—
: o ———— ———————
i — e — T —

"+ Protein complex

s
.

i

‘
\

u\m‘\

mu

tband,  Absd  j  tband  y . Aband lband

LR "l\fl_z{x_l_n;tally dontréci_éd T

Duchenne's muscular dystrophy is an X-linked disorder caused
by a mutation In the gene DMD, which codes for the protein
dystrophin. The disease causes a rapid deterioraticn of muscle,
eventually leading 10 loss of function and death. it is the most
prevalent type of muscular dystrophy and affects only males.
Dystrophin is an important structural component within muscle
tissue and It connects muscles fibers to the extracellular matrix
through a protein complex on the sarcolemma, The absence of

The response of a single muscle fiber to stimulation is to contract
maximally or not at afl; its response is referred to as the all-or-none

taw of muscie contraction. If the stimulus Is not strong enough to ° )
produce an action-potential, the muscle fiber will not respond. dystrophin allows excess calcium to penetrate the sarcolemma

However skelatal muscles as a whole are able to produce varying (the fiber's plasma membrane). This damages the sarcolemma,

tevels of contractile force. These are calied graded responses. and eventually results in the death of the cell. Muscle fibers die
and are replaced with adipose and conhective tissue.

1. Distinguish between smooth muscle, siriated muscle, and cardiac muscle, summarizing the features of each type:

2. (a) Explain the cause of the banding pattern vigible in siriated muscle:

(b) Explain the change in appearance of a myofibril during contraction with reference to the following:

The | band:

The H zone:

The sarcomere:

3. Describe the purpose of the connective tissue sheaths surrounding the muscle and its fascicles:

4. Explain what is meant by the all-or-none response of a muscle fiber:

5. Explain why the inability to produce dystrophin leads to a joss of muscle function:
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The previous activity described how muscle contraction is achieved
by the thick and thin muscle filaments sliding past one another. This
sliding is possible because of the structure and arrangement of
the thick and-thin filaments. The ends of the thick myosin filaments
are studded with heads or cross bridges that can link to the thin
filaments next to them, The thin filaments contain the protein actin,
but also a regulatory protein complex, When the cross bridges of
the thick filaments connect to the thin filaments, a shape change
moves one filament past the other. Two things are necessary for
cross bridge formation: caleium ions, which are released from the
sarcoptasmic reticulum when the muscle receives an action

The Sliding Filament Theory

Muscle contraction requires calciurm ions {Ca2*) and
energy {in the form of ATP) in order for the thick and
thin filaments to slide past each other. The steps are:

Thin
filament

1. The binding sites on the actin maiecule {io which
myosin ‘heads’ will locate) are blocked by a complex
of two protein molecules: trapomyosin and troponin,

2, Prier to muscle contraction, ATF binds to the heads
of the myosin molecules, priming them in an eract
nigh energy state. Arrival of an action potential

. Thin
causes a release of Ca?+ from the sarcoplasmic filament
reticulumn, The Ca2+ binds to the troponin and causes
the blocking complex to move so that the myosin
binding sites on the actin filament become exposed. Thick

3. The heads of the cross-bridging myosin molecutes filament

attach to the binding sites on the actin filament.
Release of energy from the hydrolysis of ATP
accompanies the cross bridge formation,

4, The energy released from ATP hydrolysis causes a
change in shape of the myosin cross bridge,
resulting in a bending action {#he power stroke). This
causes the actin filamenis to slide past the myesin
filaments towards the centre of the sarcomere.

Thin
5. (Not illustrated). Fresh ATP attaches to the myosin filament
molecules, releasing them from the binding sites .
and repriming them for a repeat movement. They fi;;[:al-;ce[;t

become attached further along he actin chain as
long as ATP and Ca2+ are available,

potential, and ATP, which is hydrolyzed by ATPase enzymes on
the myosin. When cross bridges attach and detach in sarcomeres
throughout the muscle cell, the celt shortens. Although a muscle
fiber responds to an action potential by contracting maximally,
skeletal muscles as a whole can produce varying levels of
contractile force. These graded responses are achieved by
¢changing the frequency of stimulation (frequency summation)
and by changing the number and size of motor units recruited
{multipie fiber summation). Maximal contractions of a muscle
are achieved when nerve impulses arrive at the muscle at a rapid
rate and a large number of motor units are active at once.

Blogking comnplex of protein molecules: froponio and tropomyosin

Actin molecules: two are twisted
together as a double helix (shown
symbolically as a bar)

Calcium ions: cause the
blocking molecules to move,
exposing the mycsin-binding site

e ®

Myosin-binding
site unbound

Ca* X_Caa*

Cah

LA

and a ‘moveable’ head

Myosin molecule:
consists of a long tail

Thin flament moves as the

Myosin head heads of the myosin molecules
attachment return 1o their low energy state
l Cazf Caz+ Ca2+ Ca2+

1. Match the following chemicals with their functional role in muscle movement (draw a line between matching pairs):

(a) Myosin
(b} Actin
{c) Calcium ions

{d) Troponin-tropomyosir

» Bind 1o the actin molecule in a way that prevents myosin head from forming a cross bridge
» Supplies energy for the flexing of the myosin ‘head’ (power stroke)
« Has a moveable head that provides a power stroke when activated

= Two protein molecules twisted in a helix shape that form the thin filament of a myofibril

(e) ATP » Bind to the blocking molecules, causing them to move and expose the myosin binding site
2. Describe the two ways in which a muscle as a whole can produce contractions of varying force:

(a)

(b)
3. (a) Identify the two things necessary for cross bridge formation:

{b) Explain where gach of these comes from:
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Related activities: Muscle Structure and Function
Web links: Muscle Cell Contraction
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We are familiar with the many different bodily movements
achievable through the action of muscles. Contractions in which
the length of the muscle shortens in the usual way are called
isotonic contractions: the muscle shortens and movement
occurs. When a muscle contracts against something immovable
and does not sharten the coniraction is called isometric.
Skeletal muscles are attached to bones by tough connective
tissue structures called tendons, They always have at least

Origin = the attachment
to the less movable bone

Two muscies are involved
in flexing the forearm.
The brachialis, which
underlies the biceps
brachii and has an origin
half way up the humerus,
is the primer mover, The
more obvicus biceps
brachil, which is a two
headed muscle with two
origins and a common
insertion near the elbow
joint, acts as the synergist,
During contraction, the
insertion moves towards
the origin.

e
[y

Brachialis

Insertion = the
altachment to the
movable bone

Rotation is movement of a bone around its
longitudinal axis. It is a common movement
of ball and socket joints and the movement
of the atlas around the axis.

Adduction

A):u;h

Abduction is a movement away from the
midiine, whereas adduction describes
movement towards the midiine. The terms also
apply to opening and closing of the fingers.

Fiexion

Extension

Elexion decreases the angle of the joint and brings
two bones closer together. Extension is its cpposite.
Extension more than 180° is called hyperextension.

ics of

two aftachments: the origin and the insertion. They create
movement of body parts when they contract across joints. The
type and degree of movement achieved depends on how much
movement the joint allows and where the muscle is located in
relation to the joint. Some common types of body movements are
described below (left panel). Because muscles can only pull and
not push, most body movements are achieved through the action
of opposing sets of muscles (below, right panel).

The Action of Antagonistic Muscles

The skeleton works as a system of levers, The joint acts as a
fulerum, the muscles exert the force, and the weight of the bone
being moved represents the load. The flexion (bending) and
extension (unbending) of limbs is caused by the action of
antagonistic muscles; muscles that work in pairs and whose
actions oppose each other. Every coordinated movement in the
bady requires the application of muscle force, This is accomplished
by the action of agonists, antagonists, and synergists. The opposing
action of agonists and antagonists alse produces muscle tone. Note
that either muscle in an anlagonistic peir can act as the prime
mover, depending on the movement (e.g. flexion or extension).

Agonists or prime movers: muscles that
are primarily responsible for the movement
and produce maost of the force required.

Antagonists: muscles that oppose the
prima mover. They may also play a
protective role by preventing over-
stretching of the prime mover.

Synergists: muscies that assisl {he prime
movers and may be involved in fine~tuning
the direction of the movement,

During flexion of the forearm (left) the
brachialls muscle acts as the prime
mover and the biceps brachii is the
synergist, The antagonist, the triceps
brachii at the back of the arm, is relaxed.
During exiension, their roles are reversed.

Movement of the leg is achieved
through the action of several large
groups of muscles, collectively
called the quadriceps and the
hamstrings.

The hamstrings are actually a
collection of theee muscles, which
act together to flex the leg. The
quadriceps at the front of the thigh
{a collection of four large muscles)
opposes the motion of the
hamstrings and extends the leg.
When the prime mover contracts
torcefully, the antagonist also
contracts very slightly. This stops
overstretching and allows greater
control over thigh movement.

1. Using appropriate terminology, explain how antagonistic muscles act together to raise and lower a limb:

2. {(a) Identify the insertion for the biceps brachii during flexion of the forearm:

(b) Identify the insertion of the brachialis muscle during flexion of the forearm:

(c) Given its insertion, describe the forearm movement during which the biceps brachialis is the prime mover:

Related activities: Joinls

Wik linkes Mierlae in ArHnn
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Exercise places an immediate demand on the body's energy
supply systems. During exercise, the metabolic rate of the
muscles increases by up to 20 times and the body’s systems
must respond appropriately to maintain homeostasis. The abifity
to exercise for any given length of time depends on maintaining
adequate supplies of ATP to the muscles. There are three energy
systems to do this: the ATP-CP system, the glycolytic system,
and the oxidative system. The ultimate sources of energy for
ATE generation in muscle via these systems are glucose, and
stores of glycogen and triglycerides, Prolonged intense exercise

utitizes the oxidative system, and relies on a constant supply
of oxygen to the tissues. The VOz is the amount of oxygen
(expressed as a volume) used by muscles during a specified
interval for celi metabolism and energy production. VOzmax is
the maximum volume of oxygen that can be defivered and used
per minute and therefore represents an individual's upper fimit
of aerobic metabolism. VOzmax is used as a measure of fitness,
and is high in trained athletes. At some percentage of VOzmax
(the anaerobic threshold) the body is unable to meet its energy
demands aerobically and an oxygen debt is incurred.

The ATP-CP System er
The simplest of the energy systems is the ATP-
CP system. CP or creatine phosphate is a high
energy compound that stores energy sufficient
for brief periods of muscular effort. Energy
released from the breakdown of GP Is nof used
directly to accomplish cellular work. Instead it

Creatina kinase
separates P
from creatine

P, - Creatine .

. . . E i
rebuilds ATP to maintain a relatively constant ussﬁ";ljiin
supply. This process is anagrobic, occurs very ADP and P;

rapidly, and is accomplished without any special
structures in the cell. CP levels decliine steadily
as it is used to replenish depleted ATP levels,
The ability of the ATP-CP system to maintain

energy levels is limited to 3-15 seconds during ’e"nsc’u"c;‘-‘ of
an all out sprint. Beyond this, the muscle must mfsrgli or
CP provides enough energy to fuel about rely on other processes for ATP generation. contraction

10 s of maximum effort (e.g. a 100 m race).

The Glycolytic System

ATP can also be provided by glycolysis: the first Glucose Glycagen”
phase of cellular respiration. The ATP yield from
glycolysis s low {only net 2ATP per molecule of Glucose-8-

glucose), but it produces ATF rapidly and does phosphate

not require oxygen. The fuel for the glycolytic
system is glucose in the blood, or giycogen,
which is stored in the muscle or fiver and broken
down 1o glucose-B-phosphate. Glycolysis provides
ATP for exercise for just a few minutes. Its main
limitation is that it causes lactic acid {C3Ms0g)
to accurnulate in the tissues. Indirectly, it is the
accumulation of lactic acid that gives the feeling Pyruvic acid
of muscle fatigue. The iactic acid must transported %

ta the liver and respired aerobically. The extra

oxygen needed for this is the oxygen debt.

Glycolytic 72
enzymes &

Net yield

Rugby‘and other field sporls demand briefl
inlense efforts with recovery in-between.

L.actic acid

Glycogen Triglycerides

in the oxidative system, glucose is completely N ) X /,
broken down to yield (about) 36 molecules of Glycolysis ‘j P-oxidatlon A}
ATP. This process uses oxygen and takes place \ &/

within the mitochondria. Aerobic metabolism has
a high energy yield and is the primary method
of energy production during sustained high
activity. It is reliant on a continued supply of
oxygen and thereiore on the body’s ability 1o
deliver oxygen to ihe muscles. The fuels for
aerobic respiration are glucose, stored glycogen,
or stored triglycerides. Triglycerides provide
free fatty acids, which are oxidized in the
mitochondria by the successive removal of two- .
carbon fragments (a process called p-oxidation). %
These two carbion units enter the Krebs cycle as
acetyl coenzyme A {acetyl CoA).

The Oxidative System

Acetyl CoA

Electron
transpori chain

fu)
Prolonged aerohic effort (e.g. distance
running) requires a sustained ATF supply.
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Oxygen Uptake During Exercise and Recovery

___,_,,___..—-—k
> < Recovery The length of the recovery

R RS period after axercise
A When vigorous activity is depends on the size
B over, labored breathing of the oxygen debt

continues untit accumulated and the aerobic
5 - Oxygen consumed lactic acid has been broken fitness of the
during exercise down to COp and water, individual.

Amount of oxygen
consumed at rest

Oxygen uptake (liters per minute}

Time {minutes)

The graph above ihustrates the principie of oxygen debt. in the graph, the anaerohic pathways: ihe ATP-CP and glycolytic systems (previous page).
energy demands of aerobic exercise require 3 liters of oxygen per minute. After exercise, the oxygen uplake per minute does not drop immediately
The rate of oxygen uptake increases immediately exercise starts, but the toits resting level. Extra oxygen is taken in despite the drop in energy
iull requirement is not met until six minutes later. The oxygen deflgitisthe  demand (the oxygen debt). The oxygen debt is used to replace oxygen
amount of oxygen needed (for aerobic energy supply) but not supplied by  reserves in the hody, restore creatine phosphate, and break down the lactic
breathing. During the first six minutes, the energy is supplied largely from  acid {through various intermediates) to GOz and water.

1. Explain why the supply of energy through the glycolytic system is limited:

o Summarize the features of the three energy systems in the table below:

ATP supplied by:

Duration of ATP supply:

3. Study the graph and explanatory paragraph above, then identify and describe what is represented by:

(a) The shaded region A:

{b) The shaded region B:

4. With respect to the graph above, explain why the rate of oxygen uptake does not immediately return to its resting level
after exercise stops:

5. The rate of oxygen uptake increases immediately exercise starts. Explain how the oxygen supply from outside the body
to the cells is increased during exercise:

6. Lactic acid levels in the blood continue to rise for a time after exercise has stopped. Expiain why this occurs:
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van when we consciously relax a muscle, a few of its fibers
“any one time will be involuntarily active. This continuous
and passive partial contraction of the muscles is responsible
{or-muscle tone and is important in maintaining posture.
The contractions are not visible but they are responsible
or the healthy, firm appearance of muscle. The amount of
muscle contraction is monitored by sensory receptors in the

; We are wsually not aware
__d!' the skeletal muscles that
‘maintain posture, although
lhey work almost conlinuously
“making fine adjustments
{o'maintain body position.
"Both posture and functional
movemenis of the body are
highly dependent on the
< girength of the body's core
“{the muscles In the pelvic
floar, belly, and mid and lower
a back). The core muscles
stabllize the thorax and
the pelvis and lack of core
strength is a major contributor
to postural problems and

muscle imbalances,
¢’

Physical therapy is a branch
of health care concerned

with maintaining or restoring
functional movement
throughout life, Loss of muscle
fone and strengih can develop
as a resull of aging, disease,
or rauma. As a rasult of not
being used, muscles will
atrophy, losing both mass
and sirangth. Although the
{ype ol physical thetapy
depends on the problem, It
usually includes therapeutic
exercise 1o help restore
mohility and strengih, and
pravent or slow down the foss
of muscle tissus,

1. {a) Explain what is meant by muscle tone:

muscle called muscle spindle organs. These provide the
sensory information necessary to adjust movement as required,
Abnormaily low muscle tone (hypotonia) can arise as a result of
traumatic or degenerative nerve damage, so that the muscle no
longer receives the innervation it needs o contract. The principal
treatment for these disorders is physical therapy to help the
person compensate for the neuromuscular disability.

The Role of the Muscle Spindle

Changes in fength of a muscle ate monitored by the muscle spindle
organ, a stretch receptor located within skeletal muscle, parallel to
the muscle fibers themselves. The muscle spindle is stimulated in
response {0 sustained or sudden stretch on the central region of its
specialized inirafusal fibers. Sensory information from the muscte
spindle is relayed to the spinal cord. The motor response brings about
adjustments to the degree of stretch in the muscle. These adjustments
help in the coordination and efficiency of muscle contraction. Muscle
spindles are important in the maintenance of muscle tone, postural
reflexes, and movement conirol, and are concentrated in muscles
that exert fine control over movement.

Motor nerves send impulses
to adjust the degree of
contraction in the intrafusal
and extraiusal fibers,

Sensory nerves monisor siretch
in the non-contractile region of
the spindle and send impulses
to the spinal cord.

Striated appearance of
contractile elements

Nucleus of
muscle fiber

The muscle spindle organ comprises
special intrafusal fibers which iie
parallel {o the muscle fibers within a
lymph-filied capsule. Only the regions
near the end can conteact.

The spindle is surrounded
by the muscle fibers of the
skeletal muscle,

{(b) Explain how this is achieved:

2. (a) Explain the role of the muscle spindle organ:

(b) With reference to the following, describe how the structure of the muscle spindle organ is related to its function:

Intrafusal fibers lie paralfel to the extrafusal fibers:

Sensory neurons are located in the non-contractife region of the organ:

Motor neurons synapse in the extrafusal fibers and the contractile region of the intrafusal fibers:
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Related activities: Detecting Changing States, The Basis of Sensory Perception |
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Muscle fatigue refers to the decline in a muscle's ability to
maintain force in a prolonged or repeated contraction. I is a
normal result of vigorous exercise but the reasons for it are
complex. During strenuous activity, the oxygen demand of the
working muscle exceeds supply and the muscle metabolizes
anaerohically. This leads to the metabolic changes (including
lactic acid accumulation) that result in fatigue. The lactic acid
{lactate) produced duting muscle contraction diffuses into the

At Rest

@ Wuscles produce a surplus of ATP
& This extra energy is stored in CP {creatine
phosphate) and glycogen

bloodstream and is carrled to the liver where it is reconveried
to glucose via the Cori cycle. This requires energy from aerobic
respiration and accounts for the oxygen debt which causes the
continued heavy breathing after exercise has stopped. During
moderate intensity exercise, the rate at which lactate enters the
blood from the muscles is equal to its rate of removal by the liver.
This steady-state situafion is suitable for endurance training,
because the lactic acid deesn’t accumulate in the muscle tissue.

Lactic Acid and Muscle Fatigue

Lactic acid is a by-product of ATP production through anaerobic metabolism when
oxygen demand exceeds supply. Lactic acid accumulation in the muscle causes
a fall in tissue pH and inhibits the activity of the key enzymes involved in ATP
produiction. This decline in ATP supply lmits muscular performance during peak
activity (see graph below). Togethet with the effects of ATP and creatine phosphate
breakdown (accurmulating phosphate {Fi) for example),

lactic acid buildup also

acts to slow the release of calcium into the T tubules and affects the ion pumps

During Moderate Activity

@ ATP reguirements are met by the aerabic
metabolism of glycogen and lipids
1.0

During Peak Activity

=
® Effortis limited by ATP. ATP production is 3
ultimately limited by availability of oxygen. g

@ During short-term, intense activity, ATP is .::'_f 0.5
increased through anaerobic metabolism %
o

of glycagen (glycolysis).
@ A by-product of this is lactic acid, which
lowers tissue pH and affects cellular activity.
® When fatigued, he muscle can no fonger
contract fully.

which move calcium lons back into the sarcoplasmic reticufum. This contributes
to fatigue because calcium is a key component in muscle contraction.

Increased lactate
Decline in pH
Elevated £i

Effect of pH on
muscle tension

Decline in ATP

' ———Normal pH Faliin Ca®* release

e LowpH

Wellinglon Hamder Athistie Club

Short term maximal exertion {sprint)

Wixed aerobic and anaercbic (5 km race)

0.5
Relative tension

ESTL

Extended sub-maximal effort {marathon)

Courtesy: Helen Halt

e lactic acid build-up lowers pH @ Depletion
of creatine phosphate @ Buildup of phosphate
(P} affects the sensitivity of the muscle to Ca™*

1. Explain the mechanism by which lactic acid accumulation leads to muscle fatigue:

e Lactate accumulation in the muscle ® Build-
up of ADP and P; ® Decline in Ca?*release
affects the ability of the muscle to contract

® Depletion of all energy stores (glycogen, ipids,
amino acids) leads to a failure of Ca®*release
o Repetitive overuse damages muscie fibers.

2. identify the two physiological chang
(a)

es in the muscle that ultimately result in a declin

(b)

e in muscle performance:

3, Suggest why the reasons for fatigue in a long distance race are different to those in

a 100 m sprint:

Brmlnbnd amiitine Enarnv and Fxercise. Muscle Physiology and Performance
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“The overall effect of aerobic training on muscle is improved twitch fibers predominate during anaerobic, explosive activity,

«idative function and better endurance. Regardless of the type  whereas slow twitch fibers predominate during endurance activity.

f training, some of our ability to perform different types of activity  In the table balow, note the difference in the degree to which the
epends on our genetic make-up. This is particularly true of two fiber types show fatigue (a decrease in the capacity to do
spects of muscle physiology, such as the relative proportions  work). Training can increase fiber size and, to some extent, the
f different fiber types in the skeletal muscles. Muscle fibers are  makeup of the fiber, but not the proportion of 8T to FT, which is
rmarily of two types: fast twitch (FT) or slow twitch (ST). Fast  genetically determined.

" The Effects of Aerobic Tl:aining
on Muscle Physiology

" improved oxidation of giycogen. Training
increases the capacity of skeletal muscle
“to generate AT aerobically.

An increased capacity of the muscle to
pxidize fats. This allows muscle and liver
glycogen to be used at a slower rate. The
body also becomes more sfficient at
mabilizing free fatty acids from adipose
tissue for use as fuel.

Increased myoglobin content. Myoglohin
stores oxygen in the muscle cells and aids
oxygen delivery fo the mitochondria.
Endurance training increases muscle
myoglobin by 75%-80%.

Increase in lean muscle mass and decrease
in body fat. Trained endurance athletes typically
have body fat levels of 15-19% {women) or
6-18% (men)}, compared with 26% (women)
and 15% {men) for non-athletes.

The size of slow twitch fibers increases.
This change in siza is associated with
increased aerobic capacity.

An increase in the size and densily of
mitochondria in the skeletal muscles and an
increase in the activity and concentration of
Krebs cycle enzymes.

An increase in the number of capillaries
surrounding each muscle fiber. Endurance
trained men have 5%-10% more capillaries
in their muscles than sedentary man.

Fast vs Slow Twiteh Muscle

Color White Red
Diameter Large Small
Contraction raie Fast Slow
ATP produstion Fast Slow
Metabolism Anaserobic Aerobic
Rate of fatigus Fast Slow
Power Higls Low

keletal muscle fibers

There are two basle types of muscle fibers. Slow
fwitch (lype 1) muscle and fast twitch (type 11) muscle
fiber. Human muscles conlaln a genetically
determined mixture of both slow ar fast fiber types.
On average, we have about 50% siow and 50% fast
flbers in mosl of the muscles used for movement.

The slow twitch fibers contain more mitochondria
and myoglobin than fast twitch fibers, which makes
{hem more efficient at using oxygen to generate ATP
without lactate acid build up. In this way, they can
fuel repeated and extended muscle contractions
such as those reguired for endurance events like a
marathon.

Both fiber types generally produce the same force
qntrac!ion, but fast twitch fibers produce that
rce at a higher rate, so fast fibers are important
when there is a limited time in which to generate
maximal force {as in a sprint}

1. Explain three ways in which aerobic {endurance) training improves the oxidative function of muscle:

(a)

(b)

(©}

2. Contrast the properties of fast and slow twitch skeletal muscle fibers, identifying how these properties contribute to their

petiormance in different conditions:
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Related activities: Exercise and Blood Flow, Muscle Fatigue
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