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Muscles

The distribution and functions of striated, smooth and cardiac
muscle
Striated muscle is often known as voluntary muscle (since it is under
conscious control via the voluntary nervous system) or skeletal muscle
(since it is attached to the skeleton, enabling movements and locomotion).

The muscles are strongly attached to the bones by non-elastic tendons
made of many bundles of white collagen fibres. These have very high
tensile strength and so do not break easily. The collagen fibres originate in
the collagen muscle sheaths of the muscle tissue, run all through the tendons
and then are continued as the collagen fibres of the actual bone substance.
This makes an extremely strong connecting system.

There are two types of tendons (Fig 1). Tendons of origin attach the
muscle to an immovable part of the skeleton,  thus providing a firm anchor
for muscle contraction. Tendons of insertion attach to the moveable
bone,  so when the muscle contracts the bone moves. The tendons of
insertion are attached at positions that give best mechanical efficiency.

Muscles are often arranged into antagonistic pairs or groups. For instance,
biceps muscle will flex at the elbow joint and it is antagonistic to triceps
muscle which will extend the elbow joint. When biceps contracts the elbow
is flexed because triceps relaxes at this time. When triceps contracts the
elbow is extended since biceps is relaxed at this time.

This Factsheet summarises;
1. The distribution and functions of striated, smooth and cardiac

muscle
2. The anatomy and histology of striated muscle including electron

microscope detail
3. The physiology of contraction of striated muscle
4. The histology and mode of contraction of smooth muscle
5. The histology and mode of contraction of cardiac muscle

This Factsheet contains sufficient detail for Human Biology syllabuses.

Smooth muscle is often referred to as involuntary muscle because it is not
under conscious control but is regulated by the autonomic nervous system
(sympathetic and parasympathetic). It is also called visceral muscle because
sheets of it are found in the walls of all the viscera, such as blood vessels,
gastro-intestinal tract, ureters, bladder, urethra and uterus.

Unlike skeletal muscle, which is capable of rapid and very powerful
contractions, smooth muscle shows slow and sustained contractions. These
may be powerful, such as the uterine contractions during childbirth, or
they may occur as waves of contraction moving along an organ, such as the
peristaltic waves which move the gut contents along the digestive tract.
The sympathetic nervous system decreases peristaltic activity in the
intestines and the parasympathetic system increases it.

Cardiac muscle makes up the bulk of the wall of the heart. It is myogenic
i.e. it initiates its own contractions, and has autorythmicity , meaning that
it contracts and relaxes at a regular frequency (averaging 72 beats per
minute). The force and frequency of the contractions are regulated by the
autonomic nervous system, and by hormones such as adrenaline. The
sympathetic system and adrenaline increase cardiac activity whereas the
parasympathetic system decreases it.

The anatomy, histology and ultrastructure of striated muscle
A skeletal muscle will have a muscle belly which contains the contractile
tissue, one or more tendons of origin which attach the belly to the immovable
bone and a tendon of insertion which will attach the belly to the movable
bone (Fig 1). The smallest contracting unit of skeletal muscle, which can be
seen under the high power of a light microscope, is the sarcomere (‘sarcos’
is Greek for ‘muscle’). Sarcomeres are arranged end to end to form long
structures known as fibrils.

Fig 1. Muscles involved with flexion and extension of the elbow joint
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Typical Exam Questions
1. State the difference in functions between ligaments and tendons
2. Label the position of tendons of origin and tendons of insertion

e.g. Fig 1.
3. Explain muscle contraction in striated muscle
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Where only actin is present the sarcomere appears light (I bands) but when
myosin and actin is present the sarcomere appears dark (A bands).

The thin actin filaments consist of two threads of actin spiralled around
each other. At each twist is a point called the myosin binding site where
myosin can become attached. In the relaxed muscle these binding sites are
covered by a fibrous protein, called tropomyosin, which wraps around the
actin filament.

The thick myosin filament consists of about 200 individual myosin
molecules joined together. Each molecule has a long tail and a double globular
head at one end. The aggregate of tails form the myosin filament and the
heads project from the surface, It is these heads that can attach to the
myosin binding sites on the actin, and this will allow contraction to occur.
These details of actin and myosin filaments can be seen in Fig 3.

The myosin heads contain much ATPase enzyme for releasing energy from
the large quantities of ATP generated by the many mitochondria within the
fibre sarcoplasm. The electron microscope also shows that the sarcolemma
is folded to form a series of tubules (called T tubules) and vesicles (called
the sarcoplasmic reticulum). These contain a type of tissue fluid which is
rich in calcium ions. These are important in the contraction mechanism.

Fibrils are arranged side by side to make fibres, in such a way that the lines
and discs correspond laterally. Thus, the fibre appears striated under the
low power of the light microscope. The outside of the fibre is covered by
a plasma membrane called the sarcolemma but the fibre is not divided into
cells. Instead it is a mass of cytoplasm (called sarcoplasm) and nuclei (near
to the sarcolemma). Although this allows more efficient contraction of the
fibre it can cause the development of an oxygen debt since there is a long
diffusion gradient for oxygen from the capillaries outside the sarcolemma

Fig 2.  A striated muscle fibril (electron microscope detail)
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Exam Hint  - The single most common question on muscles asks
students to label and/or interpret Fig 2. You must make sure that
you understand what happens during the process of muscle
contraction.

The electron microscope reveals the filaments of contractile protein that
make up the sarcomere (Fig 2). The Z lines consist of a protein which
anchors the actin filaments in place and the M line consists of a protein
which anchors the myosin filaments in place. The actin filaments stretch
from the Z lines into the sarcomere and have thicker myosin filaments
between them.

Fig 3. Details of actin and myosin filaments
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into the centre of the fibre. Around the fibre, next to the sarcolemma, is a
thin layer of loose connective tissue which carries numerous capillaries
supplying the fibre. This layer is called the endomycium (Fig 4 overleaf)
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As the muscle repolarises, calcium ions are actively pumped back into the
sarcoplasmic reticulum using energy from ATP. The myosin heads uncouple
and tropomyosin returns to its position covering the binding sites. The
actin filaments draw out of the A band and the sarcomere lengthens.

The shortening motor units pull on the tendon of insertion thus shortening
the muscle and moving the bone. The body contains several different types
of striated muscle. For instance, fast muscle fibres occur where the speed
of response is more important than producing sustained contraction, for
example, in the external eye muscles in the pectoral (flight) muscles of
birds. There is less myoglobin (the oxygen holding pigment of muscle) and
fewer mitochondria and capillaries in this white muscle, but the sarcoplasmic
reticulum is very extensive to allow rapid release and uptake of calcium
ions which thus allows rapid contraction and relaxation.

Slow muscle fibres occur in limb muscles where contraction must be
sustained long enough to move a bone. Such muscle is called red muscle
since it contains much red myoglobin, many mitochondria and a profuse
capillary network. The fibres can remain contracted for about 0.3 seconds
after the impulse, which is much longer than in white muscle.

The high number of mitochondria in muscle tissue means that when a
muscle is at rest it will produce surplus ATP. Some of this can be stored
attached to myosin filaments, but the remainder reacts with creatine to
produce energy rich creatine phosphate. This can be stored and is available
to enable a sudden strong contraction when stimulated, during the several
second’s delay which it takes to speed up glycolysis and the other cellular
ATP producing processes. The creatine phosphate remakes ATP giving a
sudden surge of energy when needed.

ATP + creatine à Creatine phosphate + ADP

The histology and mode of contraction of smooth muscle
Smooth muscle cells form sheets of smooth muscle tissue with the tapering
ends of the spindle shaped cells interlocking together and held together by
small amounts of elastic and collagen fibres.

Many capillaries are also present between the cells together with autonomic
nerve fibres. The long spindle shaped cells are between 50 and 100
micrometres long and 2 to 5 micrometres in diameter. In the widest part of
the cell is a central sausage shaped nucleus surrounded by cytoplasm
containing numerous mitochondria. When viewed under high power, the
cytoplasm can be seen to contain actin and myosin filaments running
lengthways and are attached to discs of protein on the inner side of the cell
membrane. These almost certainly have a contraction mechanism similar to
that of the sarcomere of striated muscle. Adjacent cells are also ‘welded’
together by the actin and myosin membrane attachment discs. The cells
generally contract slowly, taking up to 60 seconds to contract. The
contractions may be maintained for many minutes before slow relaxation
occurs.

The autonomic system can modify the rate and force of contraction, for
instance, the pupil dilator muscles are stimulated to contract by the
sympathetic nervous system, thus widening the pupil. The pupil constrictor
muscles are stimulated to contract by the parasympathetic nervous system
thus narrowing the pupil. The tone of smooth muscle may also be affected
by hormones. For instance, progesterone inhibits the contraction of uterine
smooth muscle, thus preventing abortion during pregnancy. Oxytocin
stimulates contraction of the uterine smooth muscle during labour, thus
enabling birth to occur.

The histology and mode of contraction of cardiac muscle
In many respects the heart or cardiac muscle has a similar histological
structure to striated muscle. Thus it has similar striations, is composed of
actin and myosin threads, has sarcomeres, fibrils and fibres and also has
abundant mitochondria. However, in cardiac muscle the fibres are divided

Muscle fibres are arranged side by side to form muscle bundles

The physiology of contraction in striated muscle
Muscle contraction results from nerve impulses from motor neurones being
received at the neuromuscular junctions. A single motor neurone and all the
muscle fibres it stimulates comprise a motor unit. If stimulated, the response
is ‘all or none’, meaning that all the muscle fibres of a motor unit contract
to their fullest extent. Partial contraction is not possible. This does not
imply that the whole muscle contracts since it consists of hundreds of
motor units of varying sizes. The weakest stimulus is from a neurone that
can cause contraction is called the threshold stimulus.

1. As impulses arrive at the neuromuscular junction they cause the release
of the synaptic transmitter substance, acetylcholine.

2. This attaches to the specific ACH (Acetylcholine humoral) receptors
on the sarcolemma, allowing depolarisation of the sarcolemma to occur.

3. A wave of depolarisation passes along the fibre causing the sarcoplasmic
reticulum to release calcium ions into the sarcoplasm.

4. The wave of depolarisation cannot pass to adjacent fibres because of
the insulating properties of the endomycium. Thus, for the complete
muscle to contract, all motor units must receive impulses.

The actual contraction of the fibre is due to the shortening of sarcomeres
by means of the actin filaments sliding into the areas between the myosin
filaments. This sliding filament mechanism is achieved by a ratchet
mechanism which uses energy from ATP.

The accumulation of calcium ions in the sarcoplasm displaces tropomyosin
and thus exposes the myosin binding sites on the actin filaments. Using
energy from ATP the myosin heads attach to the binding sites to form
‘cross bridges’ between the filaments. More energy from ATP is then used
to alter the angle of projection of the myosin heads from the myosin
filaments. The effect of this is to draw the actin filaments deeper into the
A band, thus shortening the sarcomere. As long as depolarisation persists,
the myosin heads can detach and then reform ‘cross bridges’ with the next
binding sites along the actin filament. The heads can then change angle again
causing further shortening of the sarcomere. This can happen many times
during the time period of 0.01 to 0.03 second that elapses after reception of
an impulse, shortening the fibre by as much as 30%. The fibre must then
repolarise.

Fig 4. A striated muscle fibre (light microscope appearance)
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into branched cells, each with a centrally placed nucleus (in striated muscle
fibres the nuclei are next to the sarcolemma). The long individual cells have
elaborate junctions between them, these appear as lines across the fibre,
under the light microscope, and are referred to as interclated discs. Under
the electron microscope the discs are seen to be highly folded, interlocking,
adjacent cell membranes with many areas of adhesion holding them together.
Many desmosomes pass through the intercalated discs, these are
microtubules which pass from the cytoplasm of one cell to the cytoplasm
of the next cell. They allow rapid ion transport from cell to cell thus
facilitating the passage of waves of depolarisation and repolarisation along
the fibres.

Between the fibres is loose connective tissue with a very profuse and
efficient blood supply known as the coronary blood circulation. Since the
heart muscle is constantly contracting and relaxing it requires an excellent
oxygen and glucose supply and needs efficient removal of waste products.

The mechanism of contraction is similar to that of striated muscle, except
that the initiating nerve impulses originate in the muscle itself, usually at
the pacemaker (sino-atrial node). Since the cardiac muscle tissue is arranged
as a ‘basin-like’ mass of tissue around each heart chamber, shortening of
the cells and fibres results in a decreased chamber volume thus forcing
blood onwards.

Practice Questions

1. Read through the following account of skeletal muscle contraction and
then fill in the spaces with the most appropriate word or words.
The release of ................. into the sarcoplasm displaces the protein
................... and thus exposes the ................. on the thin ...................... .
Using energy from ............. the ........... heads attach to form ‘cross bridges’
between the filaments. More energy is then used to alter the angle of the
cross bridges, thus shortening the ............. . This is known as the ...........
mechanism.

(8 marks)

2. The table below refers to skeletal muscle and cardiac muscle. If the
statement is correct place a tick (ü) in the appropriate box and if the
statement is incorrect, place a cross (û) in the appropriate box.

(4 marks)

3. The diagram below shows a longitudinal section through a striated muscle
fibril as seen under an electron microscope.

Statement

Nuclei are central in the fibre

Cells attach to each other by
intercalated discs

Fibres are branched

Easily fatigued

Skeletal
Muscle

Cardiac
Muscle

(a) (i) Name components 1 to 6 indicated on the diagram.
(6 marks)

(ii) Distinguish between a fibril and a fibre in striated muscle.
(2 marks)

(b) Make a drawing of the probable appearance of the fibril as it would
appear under the electron microscope if a cross section was made along
the line X—X.

(2 marks)

(c) Make a drawing of the fibre in longitudinal section as it would appear in
the contracted state.

(2 marks)

4. Suggest reasons for each of the following.

(a) Skeletal muscle needs a supply of creatine phosphate whereas
smooth muscle does not.

(3 marks)

(b) Skeletal muscle may produce large quantities of lactic acid whereas
cardiac muscle does not.

(3 marks)

5. The diagram below shows a myogram of a single twitch contraction of a
striated muscle fibre. The arrow indicates the point at which the stimulus
was applied.
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Describe the physiological events which occur during

(a) the latent period.
(3 marks)

(b) The contraction period.
(4 marks)

(c) The relaxation period.
(3 marks)
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Answers
Semicolons indicate marking points

1. Calcium ions;
tropomyosin;
binding sites;
actin filaments;
ATP;
myosin;
sarcomere;
ratchet;

2.

3. (a) (i) 1. Z line/Zobie’s line;
2. actin/thin filaments;
3. myosin/thick filaments;
4. A/anisotropic zone;
5. I/isotropic zone;
6. H zone;

(ii) A fibril consists of single sarcomeres arranged end to end;
A fibre consists of many fibrils arranged side by side so that Z,
A and I regions correspond;

(b) Actin filaments shown correctly with 5 along each diagonal;
Myosin filaments shown correctly between actin filaments;
(This is what can be supposed from this diagram - other
arrangements may appear in textbooks)

(c) I zone shortened and H zone virtually disappeared;
A zone the same length;

4. (a) Creatine phosphate supplies a sudden large surge of energy;
Which allows striated muscle to contract almost instantaneously
and very forcibly;
Smooth muscle has slow sustained contraction and so can rely on
the slower ATP production for its energy supply;

(b) Cardiac muscle has a superb coronary blood supply which can
always supply adequate oxygen (in health);
The syncytial nature of striated muscle means that sometimes the
passage of oxygen from the blood supply to the fibre is inadequate;
The NADH has to be reoxidised by converting pyruvic to lactic
acid rather than by producing water with oxygen;

5. (a) Nerve impulse arrive at neuromuscular junction and acetyl
choline released;
Acetylcholine depolarises the sarcolemma, wave of
depolarisation causes release of calcium ions from sarcoplasmic
reticulum;
Calcium ions bind to tropomyosin removing it from binding
sites on actin;

(b) Energy released from creatine phosphate or from ATP in
myosin heads using ATPase in myosin heads;
This enables myosin heads to bond with binding sites on actin;
More energy is used to rotate myosin heads forwards drawing
actin threads further into A zone;
Release of cross bonds, back rotation of myosin heads,
reattachment to next actin binding sites;

(c) Sarcolemma repolarises allowing calcium ions to be pumped
back into the sarcoplasmic reticulum using energy from ATP;
Myosin heads the uncouple from actin binding sites and
tropomyosin returns to cover the actin binding sites;
Actin filaments slide back out of the A zone and sarcomere
lengthens;
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Statement

Nuclei are central in the fibre

Cells attach to each other by
intercalated discs

Fibres are branched

Easily fatigued

Skeletal
Muscle

Cardiac
Muscle

û ü

û ü

û ü
ü û
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