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Chapter 1

General introduction

1.1 INTRODUCTION

Approximately 40% of the total body mass consists of skeletal muscle,
allowing the body to move and to interact with its environment. One of the
characteristic features of skeletal muscle is its plasticity which enables the muscle
to adjust to changes in functional demands. Fibres can change their metabolic
potential without alterations in the fibre type (Luginbuhl et al., 1984; Hoppeler, 1987).
Fibres can also change from one type into another by changes in isoforms of myosin
heavy and light chains (Luginbuhl et al., 1984; Howald et al., 1985; Hoppsler, 1987).
Muscle fibre length can be adjusted by adding or deleting sarcomeres at the distal
ends of the myofibrils in order to maintain optimum sarcomere length in the resting
state (Goldspink et al., 1974). In response to strength training the volume of muscle
fibres may change (MacDougall ef al., 1982) or may lead to the development of new
fibres (Appell et al., 1988). Otherwise, disuse results in a decrease of muscle fibre
volume leading to atrophy (Appell, 1990).

When the muscle is metabolically or mechanically challenged, damage may
occur {Clarkson, 1990). Muscle damage in man is reflected in delayed onset muscle
soreness (DOMS), decreased strength, stiffness, swelling and microscopical changes
(Clarkson et al., 1986; Davies and White, 1981, 1982; Fridén et al., 1986; Jones et
al., 1987; Newham, 1988; Newham et a/., 1983c}. Studies in animals and man show
that the basis of muscle damage is structural damage to the myofibrils (Fridén et al.,
1981, 1983b; Ogilvie et al., 1988). The structural damage may range from mild to
severe (Hoppeler,1986). With mild damage focal structural damage or focal necrosis
can befound (Armstrong et al., 1983; Fridén et al., 1983b; Kuipers et al., 1983; Ogilvie
el al., 1988). In severe cases muscles can be seriocusly injured and rhabdomyolysis
may occur (Geller, 1973; Milne, 1988). In man rhabdomyolysis has been reported
after long distance running, military training, epileptic insult, trauma, dehydration,
anaesthesia and alcohol abuse (Gronert, 1980; Rowland and Penn, 1972). Severe
muscle damage may result in myoglobinuria, renal failure and ultimately in death
{Bartsch et al, 1977; Hamilton et al., 1972). Because muscle soreness and
rhabdomyolysis in man is usually preceded by a symptom-poor interval, the final
outcome cannot reliably be predicted in an early stage. In wild animals that were
chased, but also in horses and in pigs that were stressed, rhabdomyolysis has
frequently besn reported {Bartsch et al. 1977; Smith and Jones, 1966).

Although many studies have been performed, relatively little is known about
the origin and subsequent pathophysiological mechanism of exercise-induced
muscle damage, potentially resulting in rhabdomyolysis. In addition, features of
muscle damage, such as enzyme release, stifiness, swelling and pain are not wel|
explained. Extreme types of muscle damage have medical and ecanomical conse-
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quences. To prevent these, more knowledge about factors that are invoived in
muscle damage and rhabdomyolysis is essential. By knowing more about the
pathophysiclogy, possibilities for prevention or treatment may be identified.

1.2 MUSCLE DAMAGE, MORPHOLOGICAL FEATURES

Direct evidence of exercise-induced muscle damage is provided by light and
electron microscopical examination. To distinguish exercise-induced muscle dam-
age from damage that is caused by trauma, exercise-induced muscle damageis also
called micro-injury (Armstrong, 1990). The teatures of exercise-induced muscle
damage follow & typical time pattern. The initial or primary damage is followed by
secondary changes, which include an inflammatory response. The initial changes
consist of ultrastructural damage to the myofibre constituents (Stauber, 1989).

Initial or primary damage

In 1981 Fridén and co-workers were among the first who reported focal areas
of streaming, broadening and disruption of the Z-discs in eccentrically exercised
muscles of man, a finding that was confirmed in later studies (Fridén, 1984b; Fridén
etal., 1983b; Newham et al., 1983b]. Alsoin animal studies damage to the contractile
elements was found, consisting of a disarray of the banding pattern that appears as
a widening of A- and I-bands in discrete regions of the myofibres (Armstrong et al.,
1983; Newham et al., 1983b; Ogilvie et al., 1988). Other initial changes that have
been described after exercise include myofibrillar disruption (Fridén et al., 1981),
broken fibres (Stauber et al., 1988), cytoskeletal changes {Fridén et al., 1984),
displacement of organelles (Hikida et al., 1983; Newham et al., 1983b}, mitochon-
drial changes {Hoppeler, 1986) and vacuolization (Kuipers et al., 1983). In addition,
disruptions of the sarcolemma, as indicated by the absence of a clear delineation in
some regions between adjacent muscle fibres has been reported {Armstrong et al.,
1983; Fridén et al., 1983b).

Secondary changes

Secondary changes have already been reported in animal studies in the early
sixties (Altland and Highman, 1961; Garbus et al., 1964; HighmanandAltland, 1963)
and later they have been demonstrated in man as well (Hikida et al., 1983; Round
et al., 1987). Armstrong (1990} subdivides the period in which secondary changes
oceurinto the autogenetic stage and the phagocytic stage that follows the autogenetic
stage. During the autogenetic stage proleolytic and lipolytic systems begin the
process of degrading celiular structures (Duncan, 1987; Furuno and Goldberg,
1986; Goodman, 1987). During the phagocytic stage phagocytic cells invade the
injured sites. In the literature the phagocytic stage is referred to as necrosis,
inflammation, infiltration, or delayed muscle damage (Stauber, 1989).

The infiltrating mononuclear cells consist almost exclusively of macrophages
and leukocytes, that are assumed to remove damaged fibre components and to
facilitate regeneration (Armstrong et al., 1983; Hikida et al., 1983; Jones st al., 1986;
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Kuipers et al., 1983; Round et ai., 1987). The leukocytes include neutrophils, iym-
phocytes and monocytes (Hikida et al., 1983). Occasionally also erythrocytes were
found in muscle fibres (Hikida et al, 1983). Stauber et al (1988) characterized the
infiltrated cells by means of immunohistochemical techniques as cells that were
myogenicin origin. To a lesser extent lymphocytes were involved. The inflammatory
cells do not only infiltrate muscle fibres but they can also be found in connective
tissue of endomysial; perimysial and perivascular regions (Round et al., 1987).

Additional secondary changes that are associated with muscle overload are
muscle fibres with basophilic subsarcolemmal staining (Kuipers et al,, 1983) and
muscle fibre swelling (Fridén et al., 1986; Peaze Binkhorst et al., 1989). Regions with
basophilic staining were primarily found in the periphery of muscle fibres and were
assumed to reflect clusters of abnormal, enlarged mitochondria (Kuiperset al,, 1983).
The change of the polygonal shape of normal muscle fibres into a more rounded
shape is presumably the result of cellular swelling caused by disturbances in ion
homeostasis in the myofibres leading to water shifts (Fridén et al, 1981, 1883b). In
addition, inanimals secondary changes are associated with an increase in lysosomal
proteolytic enzyme activity (Vihko et al., 1978a, b; Salminen, 1985).

Similar to primary damage, secondary changes do not involve all muscle
fibres and fibres are not affected over their entire length, but changes are restricted
to small segments {(Armstrong et al., 1983; Kuipers ef al., 1983). In animal muscles
that show signs of damage less than 5% of the total number of muscle fibres are
affected (Armstrong et al., 1983; Highman and Altland, 1963; Kuipers et al., 1983;
Qgilvie et al., 1988; Stauber ef al., 1990; Vihko et al., 1979). In human muscles more
extensive levels of muscle damage have been found (Fridén et al., 1983b; Jones at
al., 1986; Warhol et al., 1985). This discrepancy can partly be atiributed to different
experimental and analytical techniques used, i.e. fibres that appear non-injured with
light microscopy may show ultrastructural damage with electron microscopy. In
addition, species differences cannot be excluded.

Some studies in man have followed the extent of muscle damage after
exercise. Fridén et al. (1983b, 1984) and Newham et al. (1983b) noted that 3 days
post-exercise more damage was found than immediately post-exercise. The area of
damage within fibres as well as the number of damaged fibres increased. Hikida &t
al. (1983) showed that more damage was found 1 and 3 days post-exercise than 15
min and 5§ and 7 days post-exercise. Jones ef al. (1986) found most extensive
damage 9-14 days post-exercise compared with 3 and 4 days post-exercise. Inrats
Kuipers et al. {1983) found a gradual increase in the number of affected fibres until
3 days post-exercise, thereafter a decrease. Armstrong et al. (1983) confirmed this
time course by measuring glucose-6-phosphale dehydrogenase (G-6-PDase) ac-
tivity in the injured muscles. G-6-PDase activity is used as marker for inflammation
since inflammatory cells possess high levels of activity of this enzyme.

In studies in which the damaged fibre types were determined, it seems that
one specific fibre type is affected. In the animal studies of Armstrong et al. (1983},
Kuipers et al. (1983}, and Vihko et al. (1978a, b} only type | fibres were found to be
affected, while Lieber and Fridén (1988) showed that only type IIB fibres were
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damaged. In human siudies of Fridén {1984a), Fridén et al. (1983b) and Jones et al.
(1986) only type Il fibres were damaged. Although no clear explanation is available
for the damage to one specific fibre type, it has been suggested that some fibre types
are more susceptible than others. In their study, Fridén ef al. (1983b} attributed the
finding that only type 11B were damaged to the fact that type | fibres with their broader
Z-ines may have firmer mechanical connections between the contractile units
(Prince ot al., 1981; Sjdstrom et al, 1982a, b). Furthermore it may be atiributed to
selective recruitment which is determined by the type, duration and severity of
exercise (Armstrong ef al., 1977, 1982; Gardiner et al., 1982; Walmsley et al., 1978).

Regeneration

The process of muscle degeneration is followed by muscle regeneration
(Allbrook, 1981; Carlson and Faulkner, 1983). Regeneration is evidenced by the
presence of mitotic cells (Armstrong et al., 1983; Darr and Schultz, 1987), myoblasts,
myotubes and central nuclei (Faulkner et al., 1989; Warhol et al., 1985) and ribo-
somes indicating protein synthesis {(Ebbeling and Clarkson, 1989; Fridén etal., 1983b).
In regeneration the satellite cells play an important role. Satellite cells lay between
the sarcolemma and the basal membrane (Campion, 1984). The satellite cells
differentiate into myoblasts which fuse intoc myotubes that fill the damaged muscle
fibre area. It is suggested that the basal membrane functions as a scaffold (Carlson
and Faulkner, 1983). However, the basal membrane is not a static structure as
previously thought, but can quite rapidly change during myofibre degeneration and
regeneration (Gulati et al., 1983). Furthermore, it is indicated that the endomysium
surrounding the individual muscle fibres plays an important role for orientating the
muscle fibres during regeneration (Fritz and Stauber, 1988). Mitotic activity of
satellite cells occurs mainly at or near the site of damage, but it has been shown that
many dividing cells have migrated from unaffected areas fo injured parts of the
muscle (Schultz et al., 1985).

Inthe literature no unequivocal results about the time course of regeneration
are reported. Different investigations report completion of regeneration within one
week (Fridén et al., 1983b, Kuipers et al.,, 1983), 12 days (Armstrong et al., 1983},
30 days (McCully and Faulkner, 1985) and 8-12 weeks (Warhol et al., 1985). Factors
that might influence regeneration are strain and muscle differences (Irintchev and
Waernig, 1987), age (Brooks and Faulkner, 1990; Kasparek and Snider, 1985b) and
the severity of damage.

1.3 FACTORS CONTRIBUTING TO EXERCISE-INDUCED MUSCLE
DAMAGE

Various types of exercise have been shown to elicit muscle damage, i.e. short
intense eccentric exercise as well as exhaustive endurance exercise at medium
intensity (Hoppeler, 1986). Two major compeonents have been proposed to initiate
the events leading to primary muscle damage, namely a mechanical and a metabolic
component (Armstrong, 1990).
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Mechanical component

Studies that compared the effect of different types of exetcise with the same
duration-and intensity on the amount of damage showed that eccentric exercise was
most effective in eliciting muscle damage (Armstrong et al, 1983, McCully and
Faulkner, 1985). Compared with concentric and isometric exercise, in eccentric
exercise less energy is used at a given power output (Abbott et al., 1952; Asmussen,
1952; Davies and Barnes, 1972b; Knuttgen et al., 1971). In addition, in eccentric
exercise less fibres are recruited resulting in a greater force in individual fibres
(Bigland and Lippold, 1954; Basmajian, 1967; Asmussen, 1952; Bigland-Ritchie and
Woods, 1976). This implies that the tension developed in the stimulated fibres is
greater in eccentric than in concentric and isometric exercise. Based on this, it is
generally assumed that a mechanical component plays an important role for eliciting
primary muscle damage (Armstrong et al., 1983; Fridén et al., 1981, 1983b).

When an activated muscle is stretched and submitted to tension, different
components could break: the connective tissue between adjacent myofibres, the
basal lamina, the plasma membrane, and sarcomeres that may also disrupt the
adjacent sarcoplasmic reticulum or the plasma membrane (Stauber, 1989). In
addition, the inability of the contractile elements to relax at the appropriate speed
could result in a rigor-type state. If only one fibre {myofibre rigor) or one myaofibril
(induction of segmental hypercontraction) were involved in the rigor, then shear
stress would develop between adjacent units and rupture or myofilament damage
could easily result. Support for this explanation is found in several studies in which
eccentric exercise was used. Fridén et al. (1981, 1983b) and Ogilvie ef al. (1988)
found damage to the contractile elements and disruption of the sarcolemma.

Further support for a mechanical component is found in the observation that
weight-bearing activities, such as running, elicit more damage than non-weight-
bearing activities such as swimming and cycling (Berg and Haralambie, 1978; Critz
and Cunningham, 1972; Noakes, 1987). In addition, McCully and Faulkner (1986)
demonstrated the importance of contraction velocity and tension produced during
forced lengthening contractions on the amount of muscle damage. Furthermore,
Clarkson et al. (1982, 1985) reported that in different isometric exercise regimens
only differingintension levels, the greatest CK release, a marker formuscle damage,
was found in exercise with the greatest tension levels. Aspecific type of mechanical
stress that has been proposed to contribute to muscle damage Is intramuscular
pressure (Fridén et al., 1988). In muscles located within a compartment higher
intramuscular pressures were found to be associated with greater increases in
plasma enzyme activities.

Metabolic component

During prolonged submaximal exercise insufficient mitochondrial respiration
has been proposed to play a role in initiating muscle damage (Armstrong, 1990;
Ebbeling and Clarkson, 1989). Energy substrates and oxygen are essential to
generate ATP via oxidative phosphorylation in order to maintain the balance
betweenATP generation and ATP use. When the muscle suffers a temporary oxygen
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deficit ATP is mainly generated by anaerobic glycolysis resulting inthe production of
lactate and a decrease of intracellular pH which may compromise normal cell
function. in support of this, damage, similar to exercise-induced muscle damage has
been found after a prolonged period of ischemia (Harris et al., 1986, Hoppeler, 1986;
Sjtstréim et al,, 1987).

It hais been suggested that depletion of substrates for energy metabolism may
alsoinitiale muscle damage (Noakes, 1987). Janssen et al. (1988) found anincrease
in muscle damage in marathon runners after approximately 30 km of running and
speculated that after exceeding a certain distance, glycogen depletion leads to an
impaired aerobic metabolism and an increase of muscle damage. Other studies,
however, suggest that muscle damage is not necessarily associated with glycogen
depletion (O'Reilly et al., 1987). Although it has been suggested that oxygen deficit,
energy depletion and the production of metabolites might act as primary factor for
initiating exercise-induced muscle damage, there are several arguments against a
primary role for these factors. The most important argument is that in concentrically
exercised muscles less damage was found, while more energy and oxygen were
required and more lactate was produced than in eccentrically exercised muscles.
Furthermore, it is suggested that muscle damage associated with endurance
running may be caused by forces put on the muscles and that metabolic changes
may exacerbate the damage. Jennische (1985) showed that the combination of
glycogen depletion and ischaemia may lead to an increased vulnerability of the
muscle to encounter damage.

Another metabolic factor that might contribute to muscle damage is the
formation of free radicals. After exhaustive exercise at a level known to induce
muscle damage, increased levels of free radicals have been reported {Davies et al.,
1982). Zerba et al. {1990) showed disorganization of sarcomeres immediately fol-
lowing lengthening contractions that could partially be prevented when the muscles
were treated with a free radical scavenger.

Afactorthat has alsotobe considered is high temperature. Baracos etal. (1984)
showed that high local temperatures in the muscles can have deleterious effects on
protein degradation. Eccentric exercise is not only associated with high forces on
muscle fibres, but also with considerable heat production {Sargeant and Dolan,
1987; Nadel et al., 1972).

Summing up all the available evidence the factor(s) initiating primary damage
remain(s) 1o be established. lt seems that forinducing primary damage a mechanical
factoris of primary importance and that muscle temperature and metabolic state may
also play a role, especially after prolonged exercise.

Initiation of secondary changes

Although metabolic factors are assumed not 1o play a major role in eliciting
initial damage, they are assumed to play a role for initiating secondary changes.
Calcium seems to play a pivotal role (Armstrong, 1990}. Inrats that ran on atreadmill,
reduction of the calcium influx through the sarcoplasmic reticulum has been shown
to be effective in preventing histological muscle damage (Amelink et al., 1990}, while
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Duan ef al. {1980} have shown that elevations in muscle mitochondrial calcium
content were probably related to the extent of histological damage in working
muscles.

The origin of an increased sarcoplasmic calcium accumulation might be an
increased permeability or the inability of the sarcoplasmic reticulum to extrude
intracellular calcium. The mitochondria may accumulate calcium which impairs
cellularrespiration and ATP production (Drahota et al., 1965; Wrogemannand Pena,
19786). Studies concerning chemical-induced muscle damage have shown that
calcium is involved in phospholipase A2-mediated injury to the sarcolemma and
other membrane structures, and in ultrastructural damage to myofitaments (Duncan
and Jackson, 1987; Jackson et al., 1984). In addition, high calcium concentration
enhances the activation of calcium-activated proteases (Meligren, 1987) and may
stimulate production of free radicals, which cause peroxidation of membrane lipids
(Braughler, 1988; Sjddin et al., 1990). Furthermore Hattori and Takahashi {1982)
showed a calcium-induced weakening of the Z-line. Calcium has also been sug-
gested to cause muscle contracture (Ogilvie et al., 1988).

Another metabolic factor implicated in the secondary changes are the lysoso-
mal enzymes, since the lysomal activity has been found to be most marked 3-5 days
after exercise (Salminen ef al., 1984, Vihko et al., 1978b)

Training and muscle damage

The most certain way to prevent exercise-induced muscle damage is to avoid
physical exercise. However, it has also been demonstrated that when exercise is
repeated, fewer signs of muscle damage are seen (Fridén ef al., 1983a; Schwane
and Armstrong, 1983). In addition, symptoms related o muscle damage, such as a
reduced strength and soreness, decreased after several weeks of training (Fridén
et al., 1983a).

Different mechanisms for reducing damage have been proposed. The first one
is a metabolic alteration. Forexample, anincreased number and size of mitochondria
would result in a greater ATP availability (Davies and Barnes, 1972a; Scrimgeour et
al., 1986). Structural adaptation, howewer, has received more support. An increase
in number of sarcomeres and Z-line synthesis has been proposed by Fridén et al.
{1983a). A third explanation that has been suggested is an improved co-ordination
(Klausen and Knuttgen, 1971).

WNot only regular training but even one single bout of eccentric exercise has
been shown to reduce muscle damage in subsequent exercise {for review, see
Ebbeling and Clarkson, 1989). It has been proposed that after the first exercise bout
the connective tissue was strengthened (Clarkson and Tremblay, 1988; Newham et
al., 1987} orthat stress susceptible fibres were replaced by stronger ones (Armstrong
et al., 1983). However, other studies indicate that adaptation can take place without
eliciting muscle damage (Schwane and Armstrong, 1983; Clarkson and Tremblay,
1988). Therefore, a satisfactory explanation is still lacking.
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1.4 FEATURES RELATED TO EXERCISE-INDUCED MUSCLE DAMAGE

Phenomena, related to muscle damage after muscular overload are delayed
onset muscle soreness, swelling, decreased strength, decreased range of motion,
muscle shortening and enzyme release (Clarkson, 19380).

Delayed onset muscle soreness and sweiling

The most typical complaint after unaccustomed exercise is muscle soreness
{Armstrong, 1984; Fridén, 1984b; Schwane et al.,, 1983). Fatigue or initial soreness
occurs during the terminal stage of exercise or immediately thereafter and subsides
withir a few hours. The initial soreness is accompanied by stiffness and decreased
strength. Delayed onset muscle soreness (DOMS), which is quite different from the
initial soreness starts a few hours to a day after exercise and peaks 48-72 h after
exercise after which a complete recovery occurs within one week. The muscles are
firm, tender and weak (Abraham, 1977). In a number of studies the extent and time
course of DOMS is related to fibre damage (Fridén ef al., 1983b; Hough, 1902},
connective tissue damage (Abraham, 1977; Asmussen, 1956; Komi and Buskirk,
1972; Komi and Rusko, 1974; Newham et al., 1983c}, muscle spasm (DeVries, 1966)
and swelling (Bobbert et al., 1986; Brendstrup, 1962).

Swelling of muscles has been observed in a number of studies (Fridén et al.,
1986, 1988) and was primarily attributed to an increased volume of muscle fibres
(Fridén et al., 1988). When the muscle is situated in a compartment, this may result
in a compartmental syndrome (Fridén et al., 1986).

Decreased muscle strength

After different types of exercise in humans a decrease in muscle strength has
been described (Newham et al., 1983c¢). Various authors have speculated that the
reduction in strength may be attributed to damage of the contractile apparatus,
because the decrease in strength has been found to be greater after eccentric than
after other types of exercise (Davies and White, 1981; Komi and Viitasalo, 1977;
Newham stal., 1983c). This suggestionis supported by astudy of Fridén et al. {1983b)
who showed that the decrease and subsequent slow recovery in isokinetic strength
at high angular velocities (300°/s) after eccentric exercise was probably related to
damage in type Il fibres that were actively involved at these velocities. Newham et
al. (1987) showed that the reduction in the muscle strength could be attributed to an
alteration within the muscle itself and not to pain related inhibition, because
additional stimulation of the previously exercised muscles by means of skin electrodes
did not result in an increase in muscle strength. In addition, McCully and Faulkner
(1986) found a significant correlation between histological muscle damage and
decrease in force in mice muscles after lengthening contractions. In contrast to this
sludy, a discrepancy between the maximum force and the amount of damage was
found inthe muscles that ware exposed to forced lengthening (Brooks and Faulkner,
1990}.
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Muscles exposed to lengthening contractions showed a typical pattern of
contractioninjury and recovery duringthe first three days (Faulkner et al., 1988; McCully
and Faulkner, 1985). The recovery in maximal isometric force from 1 hto 1 day
reflected an apparent recovery from fatigue, whereas the decrease inisometric force
between 1 and 3 days suggests a secondary, more severe damage following the
initial injury (Faulkner et al., 1989).

Several studies showed a changed force-frequency relationship alter eccen-
tric exercise (Faulkner et al.,1989; Davies and White, 1981, 1982; McCully and
Faulkner; 1986; Newham et al. , 1983c, 1987; Sargeant and Dolan, 1887). Stimula-
tion of the muscles at different frequencies showed that the decrease in muscle,
strength was particularly found at low stimulation frequencies (10-20 Hz). At high
frequencies (50-100 Hz) no or a slight decrease in muscle strength was found. The
so-called low frequency fatigue is considered to be due to damaged sarcoplasmic
reticulum and is therefore attributed to an insufficient release of calcium for force
generation (Newham et al., 1983¢)

Decreased range of motion and muscle length

After eccentric exercise in humans a decrease inthe relaxed elbow joint angle
is shown, indicating spontaneous shortening of the forearm flexor muscle (Clarkson
and Tremblay, 1988). The reduction was most pronounced 2 days post-exercise.
This phenomenon was initially attributed to increased EMG activity and swelling.
However, Bobbert et al. (1986), Howell ef al. (1985) and Jones et al. (1987) did not
support this, because the sore muscles were electrically silent. In addition, a
dissimilar time course of swelling and muscle shortening was found. Jones et al. (1987)
suggested that shortening of the connective tissue was the basis for decreased
range of motion. Another explanation that has been suggested is the existence of
high intracellular calcium levels or low intracellular ATP levels. High intracellular
calcium levels will result in contraction or decreased relaxation of the exercised
muscles (Brody, 1969). However, the mechanism for the decreased range of motion
is still unclear.

Metabolic changes

In biopsy samples of isclated hearts that were reperfused afier minimally 30
minof lischemia, it was shown that myocardial metabolism was seriously disturbed:;
a decrease in ATP content and energy charge, and a shift to ADP and AMP {van
Bilser, 1988). In addition, increases of degradation products of nucleotides, like
xanthine and hypoxanthine were found. Metabalic changes in skeletal muscles have
also been demonstrated in gracilis muscles that suffered ischemia for 7 h. The
profoundly damaged muscle was unable to restore ATP and creatine ghosphata (CP)
to pre-ischemic levels after reperfusion (Harris et al., 1986). In a STP-NMR study
Aldridge et al. (1986) found an increased inorganic phosphaﬂe {Pi) content in resting
forearm muscle approximately 24 h after stretching exercise. With the same
technique McCully et al. (1988) studied metabolism in situ during and post-exercise
in skeletal muscles that performed eccentric exercise resulting in pain and de-
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creased muscle strength. They found an increased PI/CP ratio. Increases in Pi/CP
were similar to those seen in patients with various destructive neuromuscular
diseases. Thereiore, elevated Pi/CP levels have been proposed {o be a marker of
non-specific muscle damage (McCully ef al., 1988). In addition, it has been noted
that post-exercise muscle glycogen repletion is delayed after eccentric exercise
{Costill ef al., 1980; Kuipers et al., 1985; O'Reilly ef al., 1987). O'Reilly et al. (1987)
found that 10 days after eccentric exercise muscle glycogen was still depleted, in
both type | and type Il fibres. The finding that 10 days post-exercise myofibrillar
necrosis andinflammatory cell infiltration was found, suggests that the changes in
glycogen level were related to degenerative changes. It is hypothesized by these
authors that ultrastruciural damage to the sarcolemma may impair glucose transport
into the cell. According to Costill ef al. (1990} the most likely explanation for the lower
glycogen levels is that the traumatic muscle is infiltrated with inflammatory cells,
which have a large affinity for glucose oxidation. However, another study suggests
that changes in glycogen metabolism are not necessarily associated with structural
changes (Kuipers et al., 1985).

Increased activity of muscle enzymes in plasma

Probably the first {o document the phenomenon of exercise-induced in-
creased muscle enzyme activities in plasma were Loll and Hilscher (1958). They
showed that serum activities of aldolase, lactate dehydrogenase (L.D) and aspartate
aminotransferase (AST) were increased in subjects who had walked on a treadmill
for only 5 minutes. In 1965, Vejjajiva and Teasdale were the first to study specifically
the effect of exercise on plasma creatine kinase (CK) activities. Nowadays it is
generally accepted that exercise may lead to leakage of muscle enzymaes and other
proteins that will enter the blood via the lymph. However, it remains unclear whether
enzyme release is solely attributable o anincreased permeability ofthe sarcolemma,
to structural damage, or both. With the radioisotope technetium pyrophosphate {Tc-
PYP) injected into the blood it was shown that the time course and magnitude of Tc-
PYP uptake into damaged muscle was the same as that of CK release into the
circulation {Newham et al., 1986b}, but it does not throw any light on the nature of
changes, since little is known about the mechanism by which Te-PYP is taken up by
damaged tissue.

Ditferent cellular mechanisms have been proposed to explain the rise in
plasma enzyme activities with exercise. Firstly, a non adequate maintenance of
normal cell function caused by metabolic disturbances such as hypoxia or cellular
energy deficit may lead to an impairment of sarcolemmal function (Gardner et al.,
1964). Secondly, an elevated rate of oxygen consumption may lead to the production
of various potentially toxic free radical intermediates, resulting in the activation of
lipid peroxidation which compromises the barrier function of membrane structures
(Palmer et al., 1963). Thirdly, phospholipase A2 might damage the sarcolemma
(Jenkins, 1988). Lastly, exercise with high tension or high forces has been shown to
give rise to an additional increased plasma enzyme activities suggesting a mechanical
disruption of the sarcolemma (Clarkson ef al., 1986).
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The patiern of muscle enzyme activity in plasma is not only determined by
intracellular concentration, localization, molecular weight and degradation rate, but
also by the type of exercise. Adelayed appearance of muscle enzymes inthe plasma
has been found after eccentric exercise, in rats (Armstrong et al., 1983) as well as
in humans (Clarkson et al, 1986; Newham ef al., 1983a, 1986a). One possible
reason for the delay between exercise and change in membrane permeability is that
the initial exercise causes minor damage to the muscle which is sufficient to initiate
a chain of reactions which lead to the death of the fibres and release of soluble
proteins (Aldridge et al., 1986). Therefore, Armstrong et al. (1983) speculated that
the enzyme release immediately post-exercise and the delayed peaks could be
attributed to structural damage and to an inflammatory response, respectively.

The peak values of plasma enzyme activities are assumed to be primarily
determined by the amount of damage. It is assumed that the amount of damage is
determined by the exercise intensity and duration (Tiidius and lanuzzo, 1983). Also
the type of exercise is a determining factor. Comparing different exercise regimens
the greatest increases in plasma enzyme activities were found after eccentric
exercise (Armstrong et al,, 1983; Byrnes et al., 1985; Clarkson et al., 1986; Graves
et al., 1984; Newham et al., 1983a, 19864, b, 1987). There is no unanimity whether
duration orintensity is most important forincreases of plasma enzyme activities post-
exercise (for refs., see Hortobagyi and Denahan, 1989 and Noakes, 1987).

Plasma enzyme activity is not only determined by the type and amount of
exercise but also by other factors. In animals as well as in human studies more
enzyme release is found in males than in temales (Amelink et al., 1988, 1990, Berg
and Keul, 1981; Rogers st al., 1985; Shumalte et al,, 1979). Studies indicate that the
difference is caused by sex hormones. Amelink and Bar (1986) and Bér et al. (1988)
have shown that estrogens have a protective role on the sarcolemmal permeability,
while androgens potentiate muscle enzyme release (Hékkinen and Alén, 1989). The
exact mechanism, however, is yet unclear.

Mot only gender but also racial and environmental factors influence plasma
enzyme activity. More enzyme release was found in black than in white people, at
higher than at colder environmental temperature, and at higher altitudes compared
with lower altitudes (Hortobagi and Denahan, 1989; Noakes, 1987).

The use of plasma enzyme activity for estimating the amount of damage
Analogous to the estimation of myocardial infarction size (Shell of al., 1973;
Sobel et al., 19786, 1379; Willems et al, 1985), the amount of enzymes released in
the plasma has been used to estimate the amount of exercise-induced muscle
damage (Apple and Rhodes, 1988; Janssen et al., 1989). CK is considered to be a
sensitive and reliable marker and is therefore frequently used. In addition, also
carbonic anhydrase lil (Va&nénen et al., 1988) and myoglobin (Kagen ef al., 1980;
Driessen-Kletter et al, 1990) are considered to be reliable markers for muscle
damage. A disadvantage of CK is that itis also present in other tissues, such as brain
and heart {Jockers-Wretou and Pfleiderer, 1975; Tsung, 1976). After an extremely
severe physical exercise there may be CK release fram the skeletal musculature as
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well as from the heart (Apple et al., 1984}. However, CK can be subdivided into 3
different isoenzymes (Nanji, 1983). CK-MM, CK-BB and CK-MB were found in
skeletal muscle, brain and heart tissue, respectively. Because of specificlocalization
in skeletal muscle CK-MM is proposed fo be a better marker than total CK. Amelink
et al. (1988) used the differentiation into the three iscenzymes to make clear that the
sex related differences in CK reledse in rats after running on a treadmill could
completely be attributed to CK-MM. Furthermore, CK-MM has been shown to exist
inthe plasmainthree isoforms (Morelli et al., 1983; Perryman st al., 1984; Yasminen
et al., 1981). CK-MM1 is the unmodified isoform that is released from the muscle
tissue into the circulation. In the plasma CK-MM1 is converted via CK-MM2
(transition stage) in CK-MM3 (the modified isoform). Analysis of CK isoforms in
serum following isometric exercise showed that CK-MM1 was an earlier indicator of
skeletal muscle damage than total CK (Apple et al, 1988; Clarkson et al., 1987a).
Howewver, based on a number of studies, it is suggested that discrepancies between
the amount of exercise-induced muscle damage and enzyme release may occur
(Garbus et al., 1964; Highman and Altland, 1963; Papadopoulos et al., 1967). In
addition, later studies suggest that the lower CK release in females after a marathon
is not associated with a lower amount of muscie damage (Janssen st al., 1989).
Although CK measurements are used on large scale, little is known about the
relationship between muscle damage and enzyme release.

1.5 AIMS AND OUTLINE OF THE PRESENT STUDY

From the previous overview it becomes clear that many questions about
exercise-induced muscle damage remain to be solved. The purpose of the present
study is to increase the knowledge of exercise-induced muscle damage andto obtain
insight in the time course of initial damage and secondary changes with related
features such as enzyme release, metabolic changes, force and stiffness. The
specific objectives of the present study are:

. Todevelop an experimental animal model enabling muscle damage to be elicited
in the rat tibialis anterior (TA) muscle in a controlled manner in situ. Muscle
damage was elicited with forced lengthening contractions (Chapter 2).

. To study the relationship between the initial TA muscle length, the range over
which the muscle was lengthened and amount of primary damage (A-band and
Z-line) and secondary changes (inflammation and infiltration). In addition, the
type of primary damage was assessed (Chapter 3).

. To develop a method enabling muscle compliance to be measured in the rat TA
muscle. In addition, to study the relationship between compliance, force and
damage in TA muscles after forced lengthening and isometric exercise
(Chapter 4).

. To study whether one bout of forced lengthening contractions compared with
isometric exercise in the rat TA muscle has a protective effect against damage
slicited by a second bout of forced lengthening contractions 3 weeks later and to
investigate whether this effect, if any, is attributable 1o a peripheral or a central
adjustment (Chapter 5).
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