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Figure 6 Energy supplied by ATP powers the actin-myosin ratchet.

Muscle contraction

Contraction is triggered when nerve impulses travelling
in the axons of a motor nerve arrive at the motor end
plate. Their arrival causes the release of the neuro-
transmitter acetylcholine. Acetylcholine travels across
the gap between the muscle and the nerve, binds to
receptors on the muscle and results in the release of
calcium ions from the sarcoplasmic reticulum (see
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Figure 5). Calcium ions then bind to troponin and
tropomyosin, resulting in a change in shape of the
troponin-tropomyosin-actin complex to reveal parts
that were previously hidden. These parts are the active
sites to which the heads of the myosin filaments even-
tually attach. Calcium ions act directly on myosin,
causing ATP to be split into ADP and inorganic phos-
phate. The energy released by this process is used to
move the heads of the myosin filaments towards the
newly exposed binding sites on the actin. Cross-bridges
form between the actin and myosin filaments. The
myosin heads tilt slightly, pulling the actin myofilaments
past them. As the myofilaments slide along, the heads
detach from one site and attach to the next (see
Figure 6). This movement causes the muscle to contract.
This phenomenon is called the ‘sliding filament theory”
of muscle contraction, as the thick filaments are seen to
‘slide” along the thin filaments (see Figure 7).

When the nerve stimulation stops, calcium ion
pumps in the sarcoplasmic reticulum actively transport
calcium ions back into the sarcoplasmic reticulum and
contraction stops. The removal of calcium ions allows the
troponin and tropomyosin to fall back to their original
positions, blocking the sites available for attachment so
the myosin and actin filaments return to their original
position, relaxing the muscle.

Contraction of smooth muscle does not involve
troponin and tropomyosin. Instead, their actin filaments
often contain the protein caldesmon which prevents
actin binding to myosin. Caldesmon has to be removed
for contraction to occur.

Fast and slow fibres

Skeletal muscle is divided into fast-twitch and slow-twitch
fibres, depending on how long calcium remains in the
sarcoplasm. Slow fibres have less sarcoplasmic reticulum
to mop up calcium ions rapidly, more mitochondria to
provide ATP for sustained contraction, and more
myoglobin to extract more oxygen from the bloodstream.
Oxygen is required in the aerobic metabolism used to
provide energy for contraction, and myoglobin, a smaller
version of haemoglobin, facilitates the transfer of oxygen
into the muscle cells. Therefore, slow-twitch fibres are
used for movements requiring sustained contraction
(such as maintaining the body’s posture) whereas fast-
twitch fibres are involved in the shorter but more
powerful fibres used in activities such as walking.

The fast-twitch fibres rely mainly on the metabolism
of muscle glycogen for their energy needs. Slow-twitch
fibres, which contain more mitochondria than fast
fibres, oxidise fatty acids as their source of energy and
therefore require more oxygen.

Muscle disorders

Duchenne muscular dystrophy is a genetic disease of
muscle. It only affects male infants but it occurs in one
in 3500 male births. Excessive muscle breakdown of
myofibrillar proteins results in progressive wasting and
weakening of skeletal muscle. It also affects cardiac
muscle. It starts from the age of 4 or 5 onwards and most
sufferers die in their early twenties. No effective treat-
ment is available.
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_Figure 3 Skeletal muscle shown at increasing magnifications to reveal the
principal proteins involved in contraction — actin and myosin — and their regular
arrangement which gives rise to the banded appearance (see Figure 2A). Thin actin filament Cross bridges
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opposing groups called agonists and antagonists.
For example, the muscles that bend the arm are
the biceps (the agonist) at the front of the
upper arm, which contracts and bends the
arm, and the triceps (the antagonist) at the

(A) skeletal

muscle (x750), back of the upper arm, which ‘pulls’ in the
(B) smooth opposite direction and straightens the arm
muscle !><400), out again. We cannot increase the number
Cllcardiac of cells (hyperplasia) within a particular

muscle, but with exercise we can increase
the size of the individual cells (hypertrophy).
Skeletal muscle is composed of many
muscle fibres bound together by connective
¥ , tissue- (see Figure 2A). Each muscle fibre is
about 100 micrometres (um) in diameter and
consists of a long, thin cell containing several
nuclei. A thin cell membrane called the sarcolemma
surrounds each fibre and the nuclei lie just below it
near to the motor end plate. ‘Sarcolemma’ means the
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[image: image3.jpg]The cell contains cytoplasm (sarcoplasm), which
contains large numbers of mitochondria, crucial for ATP
production. The cell also contains a large number of
myofibrils, thread-like structures that run the length of
the muscle fibre parallel to each other. Around each
myofibril lies the sarcoplasmic reticulum. This intracel-
lular membrane system is a network of small channels
filled with calcium ions. These ions are vital to muscle
contraction. Each myofibril is also made up of further
strands (myofilaments). These are divided into thick
and thin filaments arranged in blocks called sarcomeres.
The thick myofilaments are made of a protein called
myosin and the thin ones are composed of actin (see
Figure 3). Thin filaments also contain two other proteins
called troponin and tropomyosin. In skeletal and cardiac
muscle, these filaments are arranged in a regular
pattern, which gives these muscles their striated
(striped) appearance under the light microscope (see
BIOLOGICAL SCIENCES REVIEW, Vol. 19, No. 3, pp. 21-24).

Smooth muscle

Smooth muscle is involved in autonomic actions, such
as the peristaltic contractions that propel partly digested
food along the intestine, and the dilation and constric-
tion of blood vessels. Smooth muscle contracts using
myosin and actin myofilaments, but the myofilaments
are arranged in small bundles, so smooth muscle does
not appear striated like skeletal muscle. Smooth muscle
is made up of sheets or bundles of long, thin cells, each
cell with a single nucleus (see Figure 2B). In the gut, the
smooth muscle is arranged in circular and longitudinal
layers, so that progressive contractions result in the
action of peristalsis moving the bolus of partially digested
food along (see Figure 4).

In blood vessels, contraction of the circular smooth
muscle narrows the diameter of the vessel, increasing
blood pressure, while relaxation causes the vessel to
dilate and therefore lowers the blood pressure. Contrac-
tion of arterioles to some areas of the skin can
completely stop the blood supply in cold weather to
control body temperature. In hot weather, the blood
vessels in the skin dilate, allowing more blood to be
diverted to the skin. The skin becomes flushed and evap-
oration of sweat cools the blood.

During exercise, the smooth muscle within the walls
of arteries and arterioles that supply skeletal muscle,
the heart and the lungs relaxes, allowing increased
delivery of oxygenated blood to the tissues that need
it. At the same time, blood vessels supplying the gut
constrict to allow blood to be diverted to the meta-
bolically active muscles. After a meal, however, the
opposite happens, with relatively more blood being
supplied to the gut and less to the skeletal muscle.

Cardiac muscle

Cardiac musdle, like smooth muscle, is not under volun-
tary control, but like skeletal muscle it is striated. Its
fibres are narrower than those of skeletal muscle (they
are only 15pm in diameter) and are made up of cells
with a single nucleus joined together by intercalated
discs (see Figure 2C). These discs are the folded
sarcolemmas of the two cells containing many gap
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junctions. These are junctions through which ions can
pass. The gap junctions and increased area due to folding
allow electrical muscle potentials to pass as ions from
one cell to the next. The cells of the muscle fibre may
also branch and fuse with similar branches on other
cells. Contractions in one cell are passed on to neigh-
bouring cells, thereby allowing rhythmic contraction
characteristic of muscle in the heart.

Figure 5 Storage,
release and reuptake
of calcium ions from
the sarcoplasmic
reticulum.
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Figure 7 The sliding filament theory of muscle contraction.

KEYpoints

® Skeletal muscle is attached to bone via tendons: it
can pull but not push, so skeletal muscles work in
opposing pairs.

® Smooth muscle is involved in contracting the gut to
move food, and in blood vessels to regulate blood
flow.

Myasthenia gravis is an autoimmune
condition where the motor end plate is
damaged and results in weakness and
fatigue of muscles in the upper arms and
legs, eyes and face. It is treated by medica-
tions that delay acetylcholine breakdown at

S the nerve synapse.

Things to do

P Stick your tongue out. Now explain how
you manage to do that. Does this break the
rule that muscles pull but don’t push?

P Asamodel of peristalsis, watch an earth-
worm crawling.

Andrew Carter is a clinical research fellow in
vascular surgery working at Manchester
Royal Infirmary, Manchester. He is a trainee
surgeon whose current interests include
exercise physiology and its use in assessing
patients’ fitness prior to major surgery.

® Cardiac muscle beats continuously throughout life.
The intercalated discs ease transmission of the
muscle impulse throughout the heart.

® Muscle contraction involves the sliding of myosin
filaments over actin filaments.

© Calcium ions are essential for actin and myosin to
bind together. Calcium is stored in vesicles of the
sarcoplasmic reticulum and released by the arrival of
a nerve impulse at the motor end plate.
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Structure
and
function

Our muscles are adapted to
perform different tasks, but
the basic components of all
muscles are the same.

any people don't realise that meat is muscle.

More precisely, it is skeletal muscle, which

in humans moves our bones and thereby

moves our bodies. Another type of muscle,
smooth muscle, moves food along the gut, controls tt
pressure in the blood vessels and empties the bladde
It also prevents the bladder and gut emptying contin-
uously. A third muscle type, cardiac muscle, found only
in the heart, must work rhythmically and unceasingly
until we di s sometimes called volun-
tary muscle as it is under voluntary control. Smooth
muscle is involuntary as it is controlled by the nervous
system without conscious input.

eletal muscl.

al muscle is attached by dons at both ends to
bone. It contracts in response to chemical signals called
neurotransmitters. Neurotransmitters are released from
nerve endings at a specialised synapse between nerve
and muscle called a motor end plate (s gure 1). As

muscles can only pull, not push, they must work in
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Figure 1 The sequence of events at a motor end plate. Nerve impulses
arriving along the nerve fibre cause vesicles to migrate and discharge
neurotransmitter (acetylcholine, ACh) into the synaptic cleft. The ACh
diffuses across the cleft and binds to receptors on the muscle, inducing
release of Ca?* ions, which initiates contraction. The ACh is then removed
and partially broken down by the enzyme cholinesterase.




