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SUMMARY

The enzyme ornithine decarboxylase (ODC) is responsible for
production of polyamines within the cell. In addition it has been
suggested that it is translocated into the nucleus and stimulates RNA
polymerase activity. Workers have also shown that DFMO (a specific
inhibitor of ODC) prevents damage associated with membrane
breakdown.

Chronic electrical stimulation of mammalian fast twitch muscles at
10 Hz leads to many changes in gene expression, as the fibres change
into slow twitch type. Some damage is associated with this process. We
have used this model to examine the role of ODC during fibre-type
transformation. The following results have been obtained.

1) We have shown an early (2-5 minutes) peak in ODC activity in
response to stimulation, in addition to the peak at 30 hours that had
been previously reported.

2) ODC protein and activity were measured in muscle homogenates
and in preparations of isolated nuclei. No ODC was detectable in the
nuclei. The protein was still detectable in muscle homogenates for a few
hours after the subsidence of enzyme activity. Immunocytochemistry
was used to show that the ODC protein was associated with both muscle
fibres and non-muscle tissue.

3) The increases in levels of enzymes of energy production associated
with 3 days of stimulation were not affected by DFMO treatment. This,
along with data from a previous study, suggest that blocking ODC
activity has little if any effect on transformation.

4) DFMO had no effect on the damage associated with 3 days of
stimulation.

5) During the damage study some interesting observations were made
concerning the localisation of 99Tc™-pyp in vivo. The isotope is

probably confined to the serum in undamaged muscles.

There was no evidence from our study that ODC had a nuclear role, or
that it was involved in the process of damage.
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CHAPTER 1: INTRODUCTION

1.1 THE CLINICAL NEED FOR FATIGUE RESISTANT MUSCLE
Heart failure occurs when the cardiac output is unable to supply the
body's need for blood. It is a major medical problem throughout the
Western world. There are thought to be at least 2 million affected
patients in the USA, with 400,000 new cases every year (Smith et al.,
1985). During the early stages of failure, hypertrophy of the heart muscle
can increase cardiac output in line with demand, but beyond certain
biological limits this increase in fibre size actually makes the problem
worse. Advanced cases (New York Heart Association Class 4) are
breathless at rest, or on slight exertion. They suffer from both
tachycardia and arrhythmias, which often lead to acute myocardial
infarction. Indeed over half of these end-stage cases die within one
year. A few of the causes of heart failure can be treated. For example
artificial valves can be used to treat mitral incompetence or aortic valve
stenosis. However, most cases are secondary to idiopathic hypertension,
cardiomyopathy or myocardial ischaemic disease, and at present there is

no universally effective treatment for these patients.

Several classes of drug are used to control symptoms of heart failure,
but these are rarely effective in advanced cases. There is also the
problem of undesirable side effects, notably arrhythmias or
hypotension, both of which can exacerbate the condition. In recent years
heart transplant surgery has improved dramatically (a 5 year survival
rate of 60% in America, Schroeder and Hunt, 1987) due partly to
development of anti-rejection drugs such as cyclosporin. However,
there is still the enormous problem of finding suitable donors, and the
operation and maintenance therapy are complicated and expensive.
While some artificial organs, such as large joints and cochlea implants,
have proved very successful, artificial hearts have remained bulky and
unreliable. They are used mainly as a stopgap measure for patients

awaiting heart transplants.
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For many years it has seemed a paradox to muscle physiologists that the
body should die for lack of cardiac muscle power when about 40% of
adult body mass consists of skeletal muscle. Such muscle works far
more efficiently than any man made machine and as the tissue is
autologous there would be no problems of rejection. It therefore seems
logical to use skeletal muscle to provide extra propulsive power.
However, it was shown in the last century that skeletal and cardiac
muscle differed both structurally and functionally, with fast-twitch type
skeletal muscles fatiguing far too quickly to take over the role of the
heart. The discovery in the 1960's that fast muscles could be
transformed into slow muscles (and vice versa) changed all this. Such
muscles would be able to continue pumping for long periods without
fatigue. Projects to use transformed muscle to assist the failing heart
take two main forms, illustrated in Figure 1.1. The first is known as
cardiomyoplasty. A large muscle, such as the latissimus dorsi is moved
into the cheast cavity and wrapped directly around the heart. The
muscle is then stimulated during systole with the intention of
providing extra propulsive force. This approach has already been used
in some human patients (first case Carpentier and Chaques, 1985).
Although some improvement of symptoms has been demonstrated,
this was partly due to passive thickening of the ventricular wall and
was sometimes seen in patients where the muscle was not actually

stimulated.

The second approach is the construction of a skeletal muscle ventricle
(SMV) in series with the heart (Figure 1.1[b]). This would receive blood
from the left ventricle and pump this around the body during diastole.
Experiments with dogs have given promising results (e.g. Acker ef al.,

1987), but no human patients have yet been treated in this way.

For surgeons to get the best possible results with transformed muscles
they need to know a great deal about the transformation process and
how to optimise the changes. This is one of the reasons that the

stimulation of skeletal muscle has been studied extensively. In addition
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Figure 1.1(a)

Diagram i'lustrating the principles of cardiomyoplasty. The latissimus
dorsi muscle is wrapped around the ventricles of the heart.

From Moreira et al . (1990).
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Position of skeletal muscle ventricles.
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it also provides an ideal system for studying the control of phenotype in

mammals.
1.2 TYPES OF FIBRES IN MAMMALIAN MUSCLES
1.21 Historical Overview

The striations that give muscle its characteristic histological appearance
were first reported by Antoni Van Leuwenhoek, the inventor of the
light microscope (Leuwenhoek, 1678). However, it was a century after
this before muscle histology was studied in detail. Ranvier (1873)
looked at white and red muscles in rabbits and rats. He showed that the
difference in colour was not due to the blood content of the muscles,
but was a property of the fibres. He also showed that there were
physiological differences between the red and white muscles, the red
muscles having a slower speed of shortening than the white. Grutzner
(1884) used light microscopy to examine the muscles of many different
species, and suggested that all vertebrate skeletal muscle was composed
of two types of fibres. The darker, red fibres were shown to be smaller
than the clear, white type. Knoll (1891) showed that red fibres had more
protoplasm between the myofibrils, and that this fibre type was
especially abundant in those muscles which were constantly in use.
This agreed with Ranvier's earlier suggestion that the red muscles were
used mostly for slow postural activity and the white muscles for fast

sprint movements (Ranvier, 1873).

Various histological techniques have been used to try to distinguish the
different fibre types. In the 1960s workers began to use serial sections,
which allowed several staining procedures to be carried out on the
same muscle fibres. Dubowitz and Pearse (1960) observed that rat
muscle fibres were either high in oxidative enzymes and low in
glycolytic ones or vice versa. They also showed several morphological
differences between the fibre types. The Type 1 (oxidative) fibres had a
greater number of mitochondria and a more extensive sarcoplasmic
reticular system. The Type 2 (glycolytic) fibres had greater diameters and

contained more glycogen. Engel (1962) also presented a bipartite system

page 3



of classification, but used myofibrillar ATPase activity as the main
criterion for assignation of fibre type. The Type 2 (glycolytic) fibres
showed higher levels of ATPase activity than the Type 1 (oxidative)
fibres.

1.2.2 Current classification

Modern classification is based on the myofibrillar ATPase reaction. The
enzyme in Type I fibres is partially inactivated by alkali preincubation
and the Type 2 isoform is inactive after acid preincubation (Dubowitz
and Brooke, 1973). This agrees well with immunocytochemical typing,
which uses anti-fast-myosin and anti-slow-myosin antibodies
(Gauthier and Lowey, 1979), and also with gel electrophoresis of myosin
prepared from single muscle fibres (Pette et al., 1976; Sreter, 1980). The
proportion of each fibre type present has also been shown to be related
to speed of shortening in whole muscles. Those which consisted mostly
of Type I fibres contracted more slowly (Barany, 1967; Close, 1972), but
single muscle fibres of the same type have shown a range of shortening
speeds (Close, 1972; 1974). This is probably due to factors other than
myosin ATPase activity, such as handling of Ca2+ by the sarcoplasmic

reticulum.

Fast (Type 2) muscle fibres have been subdivided on the basis of either
their relative activities of oxidative and glycolytic enzymes or the
slightly different pH lability of their myosin ATPase activity (Brooke
and Kaiser, 1974; Dubowitz and Brooke, 1973). It has been proposed that
Type 2A and 2B fibres could represent opposite ends of a spectrum or
continuous range of fast fibre types (Spamer and Pette, 1977). Indeed, it
has been suggested that all fibre types are part of a continuum as shown
in Figure 1.2 (Billeter ef al., 1980). Some workers have described Type
2C fibres in animals such as the rat. These showed both fast and slow
myosin isotypes (Gauthier and Lowey, 1979; Lutz et al. ,1979). This type
is very rare in normal adult human muscles but is seen during muscle
regeneration and in some disease states. They are also seen during

muscle transformation (see below).

page 4



Figure 1.3

Differences between fast and slow muscles
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1.2.3 Differences between fibre types

Some of the differences between Type 1 and Type 2 fibres have already
been described above, and others are dealt with in more detail later in
the Introduction. However, I feel it is useful to present a brief summary
here. Some of these differences are shown diagrammatically in

Figure 1.3.

The many morphological and biochemical differences between fast and
slow muscle fibres are related to the energy production in the two fibre
types. The Type 1 fibres derive most of their ATP aerobically and hence
have higher levels of oxidative enzymes than fast fibres (Eversole and
Standish 1970; Ogata and Mori, 1964; Romanul, 1964; Stein and
Padykula, 1962; Eisenberg and Kuda, 1976). They also have a relatively
high volume of mitochondria (Gauthier, 1969; Ogata and Murata, 1969;
Padykula and Gauthier, 1967; Shafiq et al., 1969) and more myoglobin,
the pigment which gives much of the red colour to these muscles
(Romanul, 1964). There are also more capillaries to bring oxygen and
nutrients to the tissue. These fibres are not easily fatigued but contract
more slowly than Type 2 fibres. This is due to their relatively low
myosin ATPase activity (Stein and Padykula, 1962; Brooke and Kaiser,
1970; Guth and Samaha, 1969; Samaha et al., 1970) and their low initial
rates and capacities for uptake of Ca2+ by sarcoplasmic reticulum (SR)
preparations (Sreter, 1969). The axons that innervate this fibre type have
small diameters and a low firing threshold (Eccles ef al., 1958). They
receive almost continuous impulses from the motor neurones at about
10 Hz (Eccles et al., 1958) and are used mostly for maintaining body
posture. Conversely the Type 2 fibres derive most of their energy
anaerobically and their morphology reflects this. They are innervated by
large diameter neurones, and receive impulses in short high frequency

bursts.
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1.3 MUSCLE PLASTICITY

1.3.1 Tendon transplantation and tenotomy

Bach (1948) sutured the tendon of the rabbit soleus (slow) muscle to the
distal insertion of the tibialis posterior (fast) muscle. After 6 months the
transplanted muscles showed twitch characteristics intermediate
between normal fast and slow muscles. Both the myoglobin and the
iron content had also changed to values close to normal slow muscle

levels. Hence both physiological and biochemical changes were shown.

Vrbova (1963) showed that tenotomy in the cat and rabbit altered
contractile properties of the muscles. Slow muscles became faster, but
fast muscles were largely unaffected. Tenotomy also produced a
decrease in the electromyographic (emg) activity for both types of
muscle (McMinn and Vrbov4, 1962). It was proposed that the type of
activity imposed on a muscle determined the twitch characteristics
(Vrbové, 1963).

1.3.2 Cross re-inervation studies

Muscles of the leg have been cross re-innervated in adult or neonatal
cats, so that slow muscles received the nerve from a fast muscle and
vice versa. The fast muscles became slower and slow muscles showed
faster contractile characteristics (Buller et al., 1960b). The muscles of
neonatal animals were shown to be immature, since all muscles in a
newborn were equally slow, the adult pattern not being formed until 19
days (Buller et al., 1960a). It was therefore not surprising that the
muscles in such early stages were malleable. However, the same results
were also achieved using adult cats with fully mature muscles (Buller
et al., 1960b). Several hypotheses were proposed concerning the nature

of the stimulus which was bringing about the change.
Buller ef al. (1960b) considered the possibility that activity may be the

factor responsible; the decrease in frequency of the impulses from the

30 to 60 Hz seen in fast muscles to the 10 Hz typical of slow muscles
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could have brought about the change. However, they argued that this
was unlikely since an animal which had all impulses to the muscle
removed by section of all nerves became faster rather than slower. It
was also considered unlikely that such a sharp division of fibre types
could be brought about by something as variable as stimulation. Buller
and co-workers did manage to carry out a few experiments to test this
hypothesis. Spinal animals had their muscles stimulated for just 10
minutes per day at 10 Hz. This treatment did lead to a slight slowing in
these muscles (Eccles ef al., 1962). Buller et al., (1960b) also discussed

the idea that it may be the aggregate number of stimulations in a period

of time which brought about the transformation.

The theory which Buller et al. (1960b) considered the most likely was
that some property of the motor nerve determined muscle fibre type.
They felt that their work presented strong evidence for a factor released
from "slow" nerves, but that evidence was less strong for a factor from

"fast" nerves.

In the early sixties the hypothesis of Buller, Eccles and Eccles that the
fibre type composition of the muscle was determined by chemotrophic
factors from the motor nerves was generally believed. However, the
tenotomy experiments of Vrbové and others (see above) produced
changes in contraction characteristics without any change in
innervation of the muscles. Some workers therefore sought an

alternative explanation.

1.33 Nerve and muscle stimulation

Predominantly slow muscles such as the soleus receive a more or less
steady signal from their motor nerve of 10 Hz, while fast phasic muscles
receive short bursts of 30 to 60 Hz (Eccles et al., 1958). Salmons and
Vrbova (1967; 1969) tested the hypothesis that it was the pattern of
electrical impulses reaching a muscle which determined fibre type, not

the release of chemotrophic substances from the motor nerve.
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The fast muscles of the anterior compartment of the leg were
stimulated at 10 Hz via the common peroneal nerve. This resulted in
the conversion of many of the physiological properties of the muscles.
Hence changes were brought about without any alteration in the nerve
which innervated the muscle. Later work showed that if a soleus
muscle was cross re-innervated with the nerve from a fast muscle, but
with 10 Hz stimulation superimposed, the muscle remained slow
(Salmons and Sreter, 1976). The theory of trophic substances was

therefore mostly abandoned.
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1.4 STIMULATION-INDUCED TRANSFORMATION

1.4.1 Experimental methods

The biochemical and physiological changes in the stimulated muscles
have been studied in great detail. Most of the experiments are carried
out on muscles from the anterior compartment of the rabbit lower leg.
These muscles, the tibialis anterior and the extensor digitorum longus,
can be transformed from fast to slow twitch type by electrical
stimulation at 10 Hz via the common peroneal nerve. Two main
groups have worked for many years in this field and there are a few

differences in their experimental regimes.

The first group, headed by Professor Stanley Salmons, have used 10 Hz
stimulators which can be implanted intraperitoneally or
subcutaneously. For the last few years these have incorporated one or
more photo transistors to allow them to be switched on and off non-
invasively. The other group is led by Professor Dirk Pette and they use
external lead systems, and in some experiments stimulators which strap
onto the animal's back. This second group uses two different
stimulation patterns, continuous and intermittent; in the latter the
animal receives stimulation for only eight hours per day. All data
quoted below is from muscles stimulated at 10 Hz continuously (24
hours per day). Prof. Pette's group have also carried out some of their
experiments on the extensor digitorum longus muscle while Prof.

Salmons' group have used mainly the tibialis anterior muscle.

1.4.2 Physiology

1.4.2.1 Mechanical properties

Among the first properties of stimulated muscles to be examined were
various mechanical parameters. Salmons and Vrbova (1969)
demonstrated an increase both in 'time-to-peak-twitch-tension' and
in 'time-to-half-relaxation' within 10 days. There was also a decrease
in 'tetanus-to-twitch ratio' and a decrease in the rate of development

of tetanic tension. Some of the changes occurred early in the
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transformation process. For example Pette ef al. (1976) showed an
increase in time-to-peak-twitch-tension after a few days of
stimulation. Hudlika et al. (1977) showed changes in fatigue resistance
at the same time point. These changes were occurring before myosin
changes in the muscles (described in detail below). Therefore the
slowing of the muscles in the initial stages of stimulation was probably
related to the function of the SR rather than the nature of the myosin

ATPase reaction.

In some studies the contractile properties of muscles stimulated for
several weeks were more slow than the soleus muscle (Salmons and
Sreter, 1976). This was partly due to the fact that in the stimulated
muscles all the fibres were Type 1 whereas in the soleus of the rabbit a

small percentage of fibres are always Type 2.

1.42.2 Blood flow and oxygen consumption

Hudlika et al. (1977) have studied the effect of stimulation upon
various measurements of energy utilisation in muscles. Stimulation
had very little effect on resting blood flow, or on Oy or glucose
consumption. Lactate and free fatty acid release were also similar to
those seen in control muscles. There was an increase in glycogen in the
muscles from 2 days of stimulation onwards. When muscles were
stimulated isometrically the blood flow and and Oy consumption were
both significantly higher in muscles which had been pre-stimulated for
either 14 or 28 days, than in the contralateral control muscles. These
changes showed that the stimulated muscles were deriving more of

their energy aerobically.

1.4.3 Changes in fibre type and muscle mass

The wet weight of muscle decreases considerably upon stimulation
(Pette et al., 1975; 1976; Salmons and Vrbova, 1969; Eisenberg and
Salmons, 1981). However, the number of fibres seems to remain
constant, with most of the loss of mass due to a decrease in the

cross—sectional area of the fibres (Pette et al., 1976; Salmons and
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Henrikson, 1981). This loss of mass means that the power output of the
muscles decreases with stimulation, although power/gram muscle
tissue does not. This may be important in clinical situations in which a
minimum power output is required from the muscles, and this
problem is receiving much attention in current projects. For example,
work by Jarvis et al. (1991) has suggested that a stimulation pattern of
2.5 Hz may bring about transformation with far less loss of muscle

weight.

The normal fibre type distribution of the rabbit tibialis anterior muscle
is 58% Type 2B, 38% 2A and 4% Type 1 (Walker, 1982). Staron and Pette
(1987) showed that after 30 days of stimulation at 10 Hz, 60% of the
fibres in rabbit tibialis anterior muscles were transforming or Type 2C
fibres. Some of these showed a non-uniform histochemical
distribution of myosin ATPase activity in either longitudinal or
serial-transverse sections. These results were confirmed by biochemical
analysis of segments of single fibres. This suggests that fibres may
undergo transformation at different times in different parts of the fibre.
The changes in muscle myosin induced by stimulation will be discussed

in more detail below.

144 Morphological changes
As described above, there are many structural differences between fast
and slow muscles, yet stimulated fast muscles come to resemble slow

muscles in every respect.

1.44.1 Capillaries

Capillary density in the muscles increases in the first week of
stimulation (Brown et al., 1976). Indeed muscle capillaries were seen to
be proliferating within 3 days of the onset of stimulation (Eisenberg and
Salmons, 1981). Thus stimulation was shown to affect non-muscle cells
within the muscle. These changes would certainly facilitate the
increases in blood flow associated with activity in stimulated muscles
(Hudlika et al. 1977).
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