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Keeping pace

Cardiac muscle and heartbeat

Your heart beats about 70 times a minute, 100 000 times a day, 36.5 million times a
year. This article describes the structure of cardiac muscle cells and explains how
they are adapted to initiate the heartbeat itself as well as contracting the
chambers of the heart.

rom an early age, children are monitored to
ascertain that their nervous, muscular and
skeletal systems are developing correctly. Co-
ordinated movement is'a fundamental feature of
the vast majority of animals, and muscles promoting
locomotion are attached to the skeleton. They are called
skeletal muscles, and act as machines, converting chem-
ical energy into mechanical energy. We are all well
aware that our skeletal muscles are subject to fatigue if
exercised vigorously over extended periods of time.

In marked contrast to skeletal muscles, the muscles of
the heart serve not to move the whole organism but to
move materials (in blood) around the body. The ability
of cardiac muscle to contract spontaneously and without
fatigue over a normal lifespan requires specialisation in
structure and function.
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Structure of cardiac muscle

Seen under a light microscope, cardiac muscle has a
distinctive appearance (see Figures 1A and B). The cells
have a single nucleus and lie end to end.in definite
strands — the cardiac muscle fibres. In all the cells, a
faint pattern of cross striations is visible. Adjacent cells
in a cardiac muscle fibre are separated by highly
specialised structures called intercalated discs. In addi-
tion, the cells of one muscle fibre are connected to those
of neighbouring fibres by cytoplasmic bridges. In cardiac @
muscle there is a high degree of interconnection
between one cell and the next and also between one
fibre and another. The significance of this will soon
become clear.

A rich supply of oxygenated blood is brought to the
heart muscle by the coronary arteries. Under a micro-
scope it can be seen that the muscle itself has an abun- Figure 1 (A) A light micrograph of cardiac muscle. x120
dant network of capillaries for efficient exchange of  (B) Diagram showing structure of cardiac muscle.
oxygen and carbon dioxide. Transmission electron  (C) Diagram of a single cardiac muscle fibre.
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Coloured transmission electron micrograph of cardiac muscle fibrils (green) from a
healthy heart. Mitochondria (brown) supply the muscle cells with energy. x15000

microscopy reveals that cardiac muscle contains
numerous mitochondria — many more than skeletal
muscle. When the heart is functioning normally, cardiac
muscle respires aerobically, even during strenuous exer-
cise when the rate of heartbeat and the strength of each
contraction increase to the maximum. Even when
skeletal muscles have been forced to switch over to
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Figure 2 Electrical pathways in the heart.
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anaerobic respiration, because of limited oxygen supply,
the mitochondria in cardiac muscle continue to respire
aerobically because of the amount of oxygenated blood
supplied to the heart. Skeletal muscles can switch to
anaerobic respiration but fatigue and cramp clearly must
not occur in the heart.

A heart attack occurs when the coronary arteries
become partially or completely blocked and the oxygen
supply to the muscle is greatly reduced. The cells must
then switch to anaerobic respiration and the lactate
produced is responsible for the intense pain associated
with a heart attack. The fall in pH caused by this forma-
tion of lactic acid quickly damages the affected region and
can lead to death of the cardiac musdle fibres. People
who suffer from angina similarly experience chest pains
caused by a poor blood supply via their coronary arteries.
When their heart is working at a normal resting rate,
there is sufficient oxygen for the muscle, but if the person
carries out physical exertion, or becomes stressed
emotionally, the increase in heartbeat quickly uses up the
oxygen and the intense cramping pains of angina are felt.

Electrical activity and pacemaker cells
Communication in the nervous system between
neurones involves electrical impulses or action poten-
tials. Electrical impulses cannot pass directly between
most neurones. Instead, a transmitted chemical is
released across the synapse between them and a new
impulse is generated in the next nerve cell. In contrast,
electrical impulses can pass directly between cardiac
muscle cells across their specialised structure. This co-
ordination is made possible because the intercalated
discs offer little resistance to the spread of the wave of
electrical activity along the fibres and cytoplasmic
bridges between one fibre and another. The net result is
a smooth contraction of the cardiac muscle as a whole.

The question then arises as to how the control of a
regular heartbeat is achieved and maintained. The
answer lies in a group of specialised cardiac musdle cells,
known as the sinoatrial node (SAN), located at the
top of the wall of the right atrium, near the entrance of
the superior vena cava (see Figure 2). These cells de-
polarise spontaneously at roughly 100 times per minute,
faster than all the other cardiac muscle cells, but they do
not contract. They are always the first to depolarise, so
they impose their rhythm on all the other cells. The
electrical impulse generated by the SAN sweeps rapidly
across the cardiac muscle in the atria, which contract
smoothly and together. Because the SAN controls the
electrical activity in the heart, it is often called the
pacemaker.

But your heart does not always beat at the same pace.
The SAN is innervated by the autonomic nervous
system. The brain is able to either increase or decrease
the rate at which the SAN depolarises, according to
need. The heartbeat is therefore controlled by the
nervous system, although it is not initiated by it. When
you are at rest, your brain sends impulses that slow the
rate of depolarisation of your SAN to around 70 beats
per minute; when you exercise, it increases to around
170 beats per minute. Elite athletes can briefly sustain
a heartbeat of 220 minus their age; thus a 20-year-old
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[image: image3.jpg]elite athlete could have a maximum heartbeat of
200 beats per minute.

Pumping the blood

I have stressed how quickly and smoothly the wave of
electrical activity spreads across the cardiac muscle so
that it all contracts as a unit. But the atria contract as a
unit and the ventricles contract as another unit (as we
will see later). Why doesn't the electrical impulse spread
downwards into the ventricles at the same time that it
spreads sideways across the two atria?

The atria are completely separated from the ventricles
by a circular band of fibrous connective tissue which
forms the atrioventricular valves. The tissue is non-
conducting so the impulses cannot spread to the ventri-
cles. This raises another question — how is the cardiac
muscle of the ventricles stimulated to contract? There is
a further area of specialised cardiac muscle, known as
the atrioventricular node (AVN) in the wall of the right
atrium just above the valve (see Figure 2). From it leads
the conducting tissue of the bundle of His, which
passes through the ring of fibrous tissue and into the
septum between the left and right ventricles. The bundle
of His then splits into two branches that run to the base
of both ventricles. Although the bundle of His conducts
the electrical activity, it is insulated so that the impulse
cannot spread into the cardiac muscle of the ventricles.
Purkyne fibres, which only occur at the base of the
ventricles, allow the impulse to spread into the muscle.
Thus the electrical impulse from the AVN travels rapidly
to the base of the ventricles before affecting the cardiac
muscle of the ventricle walls. This is why ventricular
contraction starts at the base of the ventricles and not at
the top near the valves.

The AVN has another function. The tissues of the
node have a resistance to the spread of the electrical
impulses from the atria. The impulse is not stopped, it is
delayed. This delay is very important as it means that the
ventricles cannot start to contract until after the atria
have finished emptying their contents into the ventri-
cles. It allows time for the ventricles to fill completely
and for the valves to close as the ventricles start to
contract.

When things go wrong

Heart disease is one of the major causes of death in the
UK. This is perhaps not too surprising, bearing in mind
the critical role the heart plays in sustaining all our
tissues. Understanding the complexity of this organ’s
structure and function also suggests that the term ‘heart
disease’ is likely to describe a spectrum of conditions
where damage to different regions of the heart might
generate different symptoms. Accordingly, terms such as
angina, heart attack, heart failure and heart block are in
common use, often without a clear appreciation of their
different causes and consequences.

Coronary artery disease is a disease of the blood
vessels of the heart and a heart attack occurs when
one of the arteries becomes blocked by a blood clot
(thrombus). The term myocardial infarction (or MI
disease) is often used to describe this condition when an
area of the cardiac muscle becomes starved of oxygen
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Bundle of His Specialised fibres of heart muscle that
run from the atrioventricular node to the base of the
heart.

Pacemaker Natural or artificial device for stimulating
the heart muscle.

Sinoatrial node A small area of muscle in the wall of
the right atrium of the heart which controls the events
of the cardiac cycle or heartbeat.

and may die if the blockage is not relieved rapidly. A
milder form of this disease gives rise to angina, which
can readily progress to a full-blown heart attack unless
appropriate medical treatment is taken to reduce the
chances of thrombus formation.

The term heart block is used to describe diseases of
the electrical system of the heart. We have seen how
normal electrical conduction in the heart allows
impulses generated by the SAN to be propagated and
thereby stimulate cardiac muscle to contract, allowing
the blood to be pumped around the body. In this
context, the AVN functions as a critical delay in the
conduction system. Without this delay, the atria and
ventricles would contract at the same time and blood
would not flow effectively from atria to ventricles. Any
interruption or block in the conduction of electrical
impulses can be expected to cause problems and in the
most severe cases, an artificial pacemaker can be
inserted to normalise the heartbeat rate (see BIOLOGICAL
SciENCEs ReVIEW, Vol. 8, No. 1, pp. 2-5) and re-establish
a quality of life.

Coloured X-ray
of a patient with
a pacemaker
inserted over the
ribs and below
the right collar-
bone (lungs
coloured red).
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[image: image4.jpg]simple cells that have the potential to differentiate into
specialised cells — may one day produce the necessary
cardiac muscle tissue for implantation into damaged
hearts. But this is still in the future.

Further reading

Holt, C. (2005) ‘Coronary heart disease: the number one killer’, BioLoGICAL
Sciences Review, Vol. 18, No. 1, pp. 21-25.

If the damage arising from a heart attack results in
cardiac muscle losing its ability to contract normally,
then problems in blood flow arise in the body. Under
normal conditions, oxygen-rich blood travels from the
lungs to the left atrium and then on to the left ventricle,
which pumps it to the rest of the body. Because this
chamber supplies most of the heart’s pumping power, it
is larger than the other and essential for optimum func-
tion. However, if the left ventricle is damaged, the heart
cannot pump with sufficient force to push enough blood
into the circulation. Consequently, blood coming from
the left chamber may ‘back up’, causing fluid to leak
back into the lungs. This condition is often referred to as
congestive heart failure.

And in the future?

Cardiac muscle cells are highly specialised. Like many
other spedialised cells, once growth has stopped no more
are produced. So if cardiac muscle cells die, as in the case
of a heart attack, the damaged cells are replaced by scar
tissue, which neither contracts nor conducts electrical
impulses efficiently. One of the challenges to medical
science is to grow cardiac muscle cells that could be
implanted into areas of damaged heart tissue and bring
about a fuller recovery of heart function. Stem cells —
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K EYpoints

® Cardiac muscle cells do not just contract, they can
also produce and generate electrical activity which is
like nerve impulses.

® Cardiac muscle tissue has an unusual structure. Indi-
vidual cells are separated from each other by an
intercalated disc, not a plasma membrane, and indi-
vidual muscle fibres are connected to each other by
bridges of cytoplasm.

® The conductivity of electrical impulses via the inter-
calated discs means that impulses spread rapidly
across the whole tissues, producing a smooth
contraction of the muscle. &

® The rate and strength of the heartbeat is controlled
by the nervous system.

® The heartbeat is actually generated in the heart itself,
in the sinoatrial node in the wall of the right atrium.




