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This factsheet summarises the aspects of exercise physiology that relate to skeletal muscles on current syllabuses. The student should
have a basic knowledge of the respiratory pathways, structure of skeletal muscle, the physiology of muscle contraction and of blood gas
transport. Factsheets No 9, January 1998, Oxygen dissociation curves, No 12, January 1998, Respiration and No 46, April 1999,
Muscles, are relevant.

Exercise is of two broad types, dynamic (aerobic) and static (anaerobic)
exercise.  Static exercise increases muscle strength whereas dynamic exercise
increases endurance and can reduce the risk of cardiovascular conditions.
Skeletal muscle fibres are of two main types, slow twitch and fast twitch
fibres. The proportions of these two fibres in muscles adapts an individual
for different types of exercise. During exercise, muscles respire a range of
organic molecules and often produce lactate in the process.

Types of exercise
Exercise is usually defined as a physical activity which provides recreation,
improves health or corrects an injury. Some exercises, such as jogging,
involve large muscle groups performing regular contractions to produce
rhythmical movements. These are called dynamic or aerobic exercises.
They often bring about a considerable, sustained increase in heart rate.
Other exercises, such as weight lifting, involve individual muscle groups
contracting to perform a specific task for a short time. They are often
“explosive” exercises. No sustained increase in heart rate results from
static exercise.

Remember - a skeletal muscle is a  complex organ. It contains not only
the muscle tissue itself, but also many blood vessels (which supply
oxygen and remove carbon dioxide and lactate) and nerve cells (which
control the rate and strength of contraction of the muscle). Inelastic
tendons attach the muscle to a bone. All these tissues are essential for
the muscle to carry out its basic function of contraction to move a
bone. Each muscle fibre contains many nuclei and many long, thin
myofibrils each containing filaments of the contractile proteins, actin
and myosin. These filaments are arranged in units called sarcomeres.
Each sarcomere shortens as the filaments of actin and myosin slide
over each other. This results in contraction of the myofibril. Many
myofibrils contracting together shorten the fibre and so, if many fibres
shorten, the entire muscle contracts. The inelastic tendons transmit the
“pull” from the muscle efficiently to the bone.

Skeletal muscles and movement
Muscle fibres only contract when they receive an impulse from a motor
neurone (motor nerve cell). The branches of one motor neurone innervate,
on average, 150 muscle fibres. This group of fibres is called a motor unit ,
since when they receive a nerve impulse, all these fibres will contract
together as a unit. When a motor unit is stimulated to contract, we say it
has been recruited. Not all motor units are necessarily recruited at the
same time, nor are they recruited at random. Often smaller motor units
(containing fewer fibres) are recruited first. As more force is needed,
progressively larger motor units are recruited to supply the necessary
extra force. Impulses from motor neurones can also affect the rate of
contraction of the motor units. As the rate of contraction increases, more
force is generated.

Releasing energy in muscle fibres

Remember - the basis of energy release is the same in muscle fibres as
in all other living cells. Energy is released by either aerobic or anaerobic
respiration or by a combination of both. Cells most commonly use
glucose as the respiratory substrate. When glucose is respired aerobically,
via glycolysis and the Krebs cycle, 38 molecules of ATP are formed
from each  molecule of glucose. Anaerobic glycolysis of glucose yields
only 2 molecules of ATP per molecule of glucose.

Muscle fibres must not only release energy (as must other cells) but also
transfer that energy as a pulling force to a muscle. They must be able to
generate ATP quickly at the start of an exercise and sustain the ATP
generation throughout a prolonged period of exercise and therefore
mitochondria are usually abundant in muscle fibres. Two other particular
features of muscles which enable them to generate ATP at the start of an
exercise are:
• the oxygen-binding protein myoglobin, only found in muscle fibres
• the phosphocreatine (PC) - ATP system
Myoglobin is a globular protein found only in muscle fibres. Myoglobin is,
effectively, one quarter of a haemoglobin molecule. It contains just one
polypeptide chain bound to one haem unit and can bind with just one
oxygen molecule. It has, however, a higher affinity for oxygen than
haemoglobin. The significance of this is that, at rest, myoglobin can bind to
and store oxygen as haemoglobin dissociates and releases it to the muscle
fibres. The oxygen dissociation curves of haemoglobin and myoglobin are
shown in Fig 1.

Fig 1. Oxygen dissociation curves of haemoglobin and myoglobin
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When exercise begins, the oxygen tension around muscle fibres falls and
oxy-haemoglobin dissociates more readily. This is because of the increased
H+ concentration due to the increased concentrations of carbon dioxide and
lactate. This is called the Bohr effect or the Bohr shift. At these extremely
low oxygen tensions, myoglobin also releases more oxygen, enabling
increased aerobic respiration until the cardiovascular system can adapt to
deliver more blood (carrying more oxygen). After the exercise is completed,
the myoglobin will bind with some of the oxygen delivered to the muscle to
re-form the oxygen stores.

The PC-ATP system allows an immediate, increased generation of  ATP at
the start of exercise. Creatine phosphate is a high energy compound similar
in some ways to ATP. A phosphate group can be transferred between the
two molecules as shown in the equation below.

         ADP  +  Creatine phosphate  •  ATP  +  Creatine

At the start of exercise, stored PC is used to form ATP which then powers
contraction of muscle fibres. Since the store of PC is limited, this can only
last a short time. ATP formed during exercise is used solely for contraction
and so PC can only be regenerated  after the exercise is completed.

Energy release and types of exercise
Static exercises, like weightlifting, require a sudden, intense release of energy.
Dynamic exercises require energy release to be sustained over a period of
time. This difference has implications for the way in which the muscle
fibres release energy. In a static exercise, there is no time for the cardiovascular
system to adapt to deliver the extra oxygen supply.
The initial release of energy at the start of any exercise comes mainly from
the PC/ATP system, supplemented by energy released by the anaerobic
pathway. Only a small percentage of energy is released aerobically, using,
mainly, the oxygen from the myoglobin stores. For exercises lasting longer
than a few seconds, the cardiovascular system has some time to begin to
adapt and more oxygen is delivered to the muscle fibres. Still, in an intense,
short period of dynamic exercise, such as the 100 m sprint, most of the
energy is released anaerobically. At the other end of the exercise duration
range, in events like the marathon, energy is released almost entirely
aerobically. This is illustrated in Fig 2.

Fig 2. Comparison of proportions of aerobic and anaerobic
respiration in different durations of exercise

Different fibres for different types of exercise
All muscle fibres are not the same. There are at least three different types
of muscle fibres in humans, and more in some other mammals. The fibres
are classified on the basis of how long it takes them to contract. They are
either ‘slow twitch’ or ‘fast twitch fibres’.
Slow twitch fibres (also called Type 1 fibres and Slow-oxidative fibres)
are fibres adapted for releasing energy primarily through aerobic respiration.
Specific features of these fibres include:
• large numbers of mitochondria and high concentrations of enzymes

controlling the reactions of the Krebs cycle. Remember, the reactions
of Krebs cycle and electron transport chains take place in the
mitochondria.

• a more extensive capillary network than other types of fibres - the
blood can deliver more oxygen to these fibres.

• a lot of myoglobin - the fibre therefore has a larger oxygen store and is
less dependent on anaerobic respiration at the start of exercise.

• relatively small amounts of the enzyme ATPase - this means that they
can only release the energy from ATP relatively slowly.

• their rate of contraction (twitch) is relatively slow.
• they have a high resistance to fatigue.
• the force they produce on contraction is not as strong as other fibres.
Because of these features, they are ideally suited to generating energy
aerobically over a sustained period of time. Endurance athletes generally
have a high proportion of slow twitch fibres in their muscles.

There are two types of fast twitch fibres: fast oxidative fibres (type 2(a)
fibres) and fast glycolytic fibres (type 2(b) fibres).

Type 2(a) fibres (fast oxidative fibres) are similar in many ways to slow
twitch fibres, but contain more ATPase and can therefore release energy
(and so contract) more rapidly. As a result of this quicker use of ATP, they
fatigue more readily than slow twitch fibres. They can generate energy
aerobically, can contract quickly, but cannot sustain this rate of contraction
for long periods. They are abundant in the muscles of athletes who run
comparatively short distances where rapid and strong contractions are
needed, but not for long periods of time.

Type 2(b) fibres (fast glycolytic fibres) differ in almost all respects from
slow twitch (type 1) fibres - they have far fewer mitochondria and a much
less extensive capillary network, contain smaller amounts of myoglobin
but much more ATPase. They  contract more quickly and with more force,
but  fatigue much more easily. Type 2(b) fibres release energy quickly
through the anaerobic pathway, but quickly fatigue and so cannot sustain
this rate of energy release. Athletes who perform static exercise or very
short duration dynamic exercise often have large numbers of type 2(b)
fibres in their muscles. The differences between the types of fibres are
summarised in Fig 3.

Fig 3. Bar chart summarising the differences between the three
types of muscle fibres.
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The three types of fibres are not scattered at random in muscle; all the
fibres in any motor unit are of the same type.

The effect of training on muscle fibres
The proportions of the types of muscle fibres in a muscle can be altered by
training, although the changes are often small. These changes in proportion
are restricted to the two types of fast twitch fibres; there is little effect on
the proportion of slow twitch fibres. Recent research suggests that any
kind of training (whether endurance or explosive) results in an increase in
the proportion of the type 2(a) fibres and a decrease in type 2(b) fibres. It
seems that the fibres actually change their characteristics: the capillary
network becomes more extensive, they acquire more mitochondria and
they accumulate larger stores of myoglobin. They do not however, become
fully converted into type 1 (slow twitch) fibres. Fig 4 shows the effects of
training on the proportions of different types of fibre.

Fig 4. The effect of training on the proportions of different types of
muscle fibres

Weight training can increase the size of muscles and also their force
generation. The increase in size is almost entirely due to the increase in
diameter of individual fibres as more myofibrils are included. The increase
in force generation is due to the increased number of actin-myosin cross
bridges which result from this.
Endurance training brings about no increase in size or strength of muscles,
but increases their ability to release energy aerobically. The number of
mitochondria increases as does the amount of myoglobin and the extent of
the capillary network. This happens to all types of muscle fibres, with the
result that type 2(b) fibres may become changed into type 2(a) fibres.
Type 1 fibres become even more effective at sustaining  slow,  low intensity
contractions for a long period of time.

Exercise and muscle fatigue
Muscle fatigue is the inability of muscle fibres to contract, even when
given the strongest possible stimulation. Total muscle fatigue rarely occurs,
but most people have experienced the feeling of exhaustion and “heavy
legs” which result from incomplete muscle fatigue. To contract, muscle
fibres must receive nerve impulses, be able to generate ATP and the actin -
myosin cross bridges must be able to form and break effectively.

In fast twitch fibres engaged in high intensity exercise (such as the 100
metre sprint) almost all the ATP is generated quickly from the PC-ATP
system and from anaerobic respiration. The large amounts of ATPase
hydrolyse the ATP to release the energy needed for contraction and it just
cannot be re-synthesised quickly enough. The muscle fibre becomes fatigued
- unable to contract due to a lack of ATP.

Slow twitch fibres are less susceptible to fatigue, but if the endurance
exercise is sustained at a high level for a long enough period, then lactate
will start to build up. Associated with the build up of lactate is an accumu-
lation of  hydrogen ions. These interfere with the mechanism controlling
the coupling and uncoupling of the actin and myosin filaments. As this
effect increases, contraction of the fibre becomes increasingly difficult and
fatigue occurs because the filaments cannot slide past each other.

Sometimes, due to the feeling of exhaustion, we just do not want to make
our muscles contract - there are also psychological factors at play. These
reduce the number of impulses being sent to the muscle fibres along the
appropriate motor neurones.

Different fuels for exercise
We generally think of glucose as the respiratory substrate, or  ‘fuel’ for
respiration. In reality, however, all cells, and muscle fibres in particular,
use a variety of respiratory substrates. Carbohydrates, triglycerides (fats
and oils) as well as proteins (in the form of amino acids) can all be respired.
In reality, although carbohydrates, triglycerides and proteins can be respired,
proteins yield less than 2% of the energy released in exercises lasting less
than one hour. This rises to about 10% in prolonged exercises of more than
four hours. The main “fuels” for most exercises are carbohydrates and
triglycerides. These are obtained from the following sources:

Carbohydrate Liver and muscle glycogen (hydrolysed to glucose),
plasma glucose from other sources (e.g. absorbed from
small intestine).

Triglycerides Triglycerides in muscle and adipose tissue (hydrolysed
to fatty acids and glycerol for transport in the blood
plasma - the fatty acids are used in preference to glycerol).

The proportions of the different “fuels” used varies with the intensity and
duration of the exercise. This is shown in Fig 5.

Fig 5. Graphs showing the proportions of fuels used
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It is clear from these graphs that as intensity of exercise increases, more
carbohydrate is used as a fuel source, but as the duration increases, more
triglycerides are used. (So if you wish to lose a few inches off the waistline,
repeated, prolonged low intensity exercises are the order of the day!)

The switch from carbohydrate to triglyceride as duration increases occurs
because muscle and liver reserves of glycogen become depleted and can
reach very low levels after two hours. Glycogen loading by athletes in the
days prior to a major event ensures that the stores of glycogen in the liver
and muscles are at peak levels. Taking drinks containing sugars during
prolonged exercise raises plasma glucose levels and allows higher intensity
exercise (which means running faster) than if triglycerides were the major
energy source.

High intensity exercises are usually of short duration and rely heavily on
anaerobic generation of energy. The fatty acids from the hydrolysis of
triglycerides only enter the respiratory pathway at the start of the Krebs
cycle. This is the aerobic phase of respiration. There is not enough oxygen
available to complete the respiration of significant amounts of  fatty acids
in the short period of a high intensity exercise. Carbohydrates must there-
fore be the major ‘fuel’.

The fate of lactate during exercise
Lactate is produced as a result of anaerobic respiration of carbohydrates
during exercise. As previously mentioned, the accumulation of lactate can
be a factor in causing muscle fatigue. After exercise, the lactate formed is
removed by oxidation. However, some of the lactate formed is used as an
energy source by re-converting it to glucose and re-respiring it! This can-
not happen in the muscle as the conversion to glucose is an oxidative
process and there is no oxygen to spare in the muscle during exercise. Some
of the lactate formed enters the blood plasma and circulates to the liver
where it is converted into glucose. This then re-enters the plasma and
circulates to the muscle to be re-used. This is called the Cori cycle and is
shown in more detail in Fig 6.

Fig 6. The Cori cycle

Benefits of exercise
There are numerous benefits from all kinds of exercise, one of the most
fundamental is a general sense of well-being and a sense of satisfaction
from improving performance in specific tasks or in general. These are
important motivators to keep on with the exercise. However, there are
specific health benefits also.

Static exercises, such as weightlifting, result in muscle building and
improvement of general muscle tone. There is no direct benefit to
cardiovascular system. However, static exercises can be important in
improving general physique and, when carefully controlled, in helping the
repair of a damaged muscle.

The benefits of dynamic, aerobic exercises are well documented and more
widely known. Low intensity, prolonged dynamic exercises do not just
exercise the skeletal muscles of the limbs; they also exercise the cardiac
muscle of the heart and the muscles controlling breathing. As a result, both
heart muscles and breathing muscles become stronger. We are able to breathe
more deeply and the heart beat is stronger as a result. At rest the heart and
lungs need to do less work to distribute oxygen around the body and,
because of this, there is more potential for increasing the amount of oxygen
which can be circulated. The performance improves as a result. As we have
seen, prolonged, low intensity dynamic exercise uses a high proportion of
triglycerides (fats and oils) as the respiratory substrate. As a result, less fat
is deposited in the linings of the arteries and so the risk of atherosclerosis
is reduced. Repeated, low intensity, dynamic exercise reduces the risk of
heart disease considerably.
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Practice Questions
1. The  dissociation curves for myoglobin and haemoglobin when the

subject is resting and haemoglobin when the subject is exercising are
basically similar, but do exhibit small differences relating to their
functions.
(a) What is myoglobin? 3

(b) Explain the effect that exercise has on the affinity of haemoglobin
for oxygen. 3

(c) (i) Describe the differences between the dissociation curve for
myoglobin and that for haemoglobin in a resting subject.         2

(ii) Explain the significance of these differences in enabling
myoglobin to store oxygen in the muscle fibres. 2

Total 10

2. The diagram shows a motor neurone and its connection with a group of
muscle fibres.

(a) (i) What is the name of the junction between a motor neurone and
a muscle fibre? 1

(ii) Which neurotransmitter is secreted from the ends of the motor
neurone? 1

(b) Use the diagram to explain what is meant by:
(i) Recruitment 2
(ii) A motor unit 1

(c) What can be deduced from the diagram about the nature of the
muscle fibres shown? Explain your answer. 2

Total   7

3.  (a) (i) Which type of respiration predominates in:
A exercises lasting 2 minutes or less?
B exercises lasting more than 1 hour? 2

(ii) Explain your answers to (i) in terms of oxygen availability and
adaptation of the cardiovascular system. 3

(b) Explain why triglycerides (fats and oils) are used as significant
respiratory substrates in long duration, low intensity exercise, but
not in explosive (short duration, high intensity) exercises. 4

Total 9

4. A classical glycogen loading regime consists of the following stages.
• Prolonged strenuous exercise
• A fat/protein diet for three days while continuing to train
• A high  (90%) carbohydrate diet for three days prior to the event with

relative inactivity

(a) Explain the significance of each stage of the glycogen loading regime.
4

(b) Why is it important for endurance athletes to ‘glycogen load’ prior
to an event? 3

 Total 7

Answers
1.  (a) globular protein;

which binds to oxygen;
found in muscles only; 3

(b) decreases affinity for oxygen;
increased hydrogen ion concentration/increased acidity;
due to extra CO

2
/lactate; 3

(c) (i) haemoglobin curve shifted to right/myoglobin curve shifted to
left/myoglobin ‘higher’ at any given oxygen tension;
haemoglobin curve more ‘S’ shaped/myoglobin curve flatter
with steeper decline; 2

(ii) myoglobin has a higher affinity for oxygen at the low oxygen
tensions (found aroun muscle fibres);
can bind to and store oxygen at tensions when haemoglobin
releases it/dissociates; 2

Total 10

2. (a) (i)   neuromuscular junction; 1

(ii) acetylcholine; 1

(b) (i) stimulation of all fibres in a motor unit;
so that they all contract as a unit; 2

(ii) a group of muscle fibres innervated by the same motor neurone;
1

(c) all of the same type (all slow twitch/fast twitch) all belong to the
same motor unit; 2

Total 7

3.  (a) (i) A anaerobic;
B aerobic; 2

(ii) limited oxygen available in the first two minutes of any exercise;
cardiovascular system has not been able to adapt;
only significant oxygen is from myoglobin stores; 3

(b) triglycerides can only be respired aerobically;
long duration low intensity exercises allow time for adaptation of
cardiovascular system;
sufficient oxygen is available for aerobic respiration;
short duration, high intensity exercises generate energy
anaerobically, so triglycerides cannot be used; 4

Total 9

4.  (a) strenuous exercise removes stores of muscle glycogen by
respiration;
fat/protein diet allows continued training but keeps glycogen
reserves low;
high carbohydrate diet immediately prior to event replenishes
glycogen stores;
inactivity does not deplete new stores; 4

(b) endurance athletes rely heavily on aerobic respiration;
of carbohydrates;
for peak performance, must have maximum glycogen/carbohydrate
store at start of exercise;              3

Total 7
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