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Abstract

In fast-oxidative-glycolytic muscle fibers of endurance-trained rats 24 hrs after the last
exercise, the RNA:DNA ratio increased significantly, the myosin heavy chain turned over 32%
and actin 21% faster than in the control rats. The muscle fibres had about 2.8-fold more satellite
cells compared with the controls and a non-uniform structure of axonal terminals. Some of
synaptic contact areas contained autophagosomes, extensive membrane structures, coated
vesicles, part of terminals was completely destroyed and exposed junctional folds occurred.
However, the focal denervation of muscle fibers in most animals was reversible and accom-
panied by regeneration of new small axonal terminals, ingrowing into pre-existing synaptic
grooves. In some of the endplates several small terminals were located within one primary
synaptic cleft. It is proposed that biochemical and structural changes in skeletal muscle fibers
and neuromuscular junctions of the endurance-trained rats reflects a functionally-determined
adaptive process.
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Skeletal muscle fibres exist as dynamic structures and
are capable of adapting to altered functional demands. The
structural heterogeneity of muscle tissue reflects its high
degree of functional specialization and it is the basis of its
plasticity [16]. The fast-oxidative-glycolytic muscle fibres
are rather unique in this respect and, at least partially, this
is caused by the wide range of recruitment of these fibers
during physical activity [20].

Most of the muscle protein synthesis is suppressed and
protein breakdown is increased during endurance exercise
[4,91.

Some time after exercise, the synthesis rate for contrac-
tile proteins is increased [27] but the turnover rate of
certain myofibrillar proteins is varied [22] and depends on
the type of skeletal muscle fibres [21]. So, during endur-
ance exercise the myofibrillar protein synthesis rate de-
creased but 24 hrs after exercise increased and the
synthesis rate of sarcoplasmic protein in both cases in-
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creased [23]. Some destructive signs in fast-oxidative-gly-
colytic muscle fibers and motor endplates were observed
in endurance-trained rats [24].

The ultrastructural changes in neuromuscular junctions
seem to be of special interest because they are essential
with respect to the transfer of both motor phasic impulses
and neurotrophic signals [29].

It has been shown that exercise caused skeletal muscle
hypertrophy as well as hyperplasia might be induced by
the activation of satellite cells [2]. After prolonged tread-
mill running satellite cells were activated not only in
muscle fibers exhibiting overt necrosis, but also in intact
fibres [8], including fast-oxidative-glycolytic fibres [26].

The aim of this study was to determine the relations
between the changes in the turnover rate of contractile
proteins, the activation of satellite cells and the ultrastruc-
tural response of neuromuscular junctions in fast-oxida-
tive-glycolytic fibres of endurance-trained rats.
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Figure 1. Destruction of myofibrils (MF) in oxidative-glycolytic muscle fibre. GLG - glycogen-like granules, bar
corresponds to Ium.

Figure 2. Formation of vacuole-like structures (V) in axonal terminals (AT). CV - coated vesicles, bar corresponds to 0.5
pm.
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Materials and Methods

Male rats of the Wistar strain, 16-17 weeks old, were
maintained on a diet containing 12% proteins, 28% carbo-
hydrates and 9% lipids. Food and water were given ad
libitum. The rats were housed four per cage in plastic cages
at 12/12 hrs light/dark period. The rats were assigned to
control and trained. The endurance-trained animals were
running at 35 m/min 5 days a week for 6 weeks. The
duration of the runs was progressively increased (from 5
min to 15 min in the first week, power - 1.3 W and total
work per week - 4,300 J) so that in the 6th week of training
the animals were running for 60 min per day (power - 1.6
W and total work per week - 27,956 J).

For studies of the fast-oxidative-glycolytic fibers, the
muscle quadriceps femoris was dissected out, liberated
from fat and connective tissue and was separated into a
superficial white region and a deep red portion, which
consisted predominantly of fast-oxidative-glycolytic fi-
bres. The fast-oxidative-glycolytic fibers contained cy-
tochrome aa; 30-35 nmol per g muscle and myoglobin
3.1-3.6 mg per g muscle.

The muscle samples were homogenized in a buffer con-
taining: 50 mM KCI; 10 mM K,HPO,; 1 mM EGTA; 1
mM MgCl,; 1 mM 2-dithiothreitol; at pH 7.0. The ho-
mogenates were centrifuged at 1,000 g for 10 min, and the
supernatant was taken as a sarcoplasmic fraction. The
crude myofibrillar pellet was rehomogenized in the same
buffer with 0.1% Triton X-100 and centrifuged at 1,000 g
for 10 min. The myofibrils were rehomogenized in 0.6 M
KCl, 8 mM EGTA, 20 mM NaHCO,, 2 mM ATP, 1 mM
2-dithiothreitol, 50 mM Tris at pH 7.0. The homogenate,
which contained myofibrils from 1 g of muscle per 10 ml
was kept at 0°C for 20 hrs to extract actomyosin. After that
it was centrifuged at 18,000 g for 60 min. The supernatant
was diluted 10-fold in 1.75 mM Tris, 0.1 mM 2-dithiothrei-
tol at pH 7.0 to precipitate actomyosin. The protein was
then dissolved in 0.6 M KCl, 0.1 mM 2-dithiothreitol and
centrifuged at 18,000 g for 30 min. Actomyosin was pre-
cipitated and washed twice.

In order to investigate the incorporation of aminoacids
into sarcoplasmic proteins and actomyosin L[4.5-3H] Leu-
cine (170 Ci/mmol) was infused intraperitoneally 100 uCi
per 100 g body weight. Gel filtration of Sephacryl - S300
was provided as described by Schreurs et al. [19]. SDS
electrophoresis was used for the purification of myosin
heavy chain (HC) and actin. In order to investigate the
turnover rate of contractile proteins in endurance-trained
rats, the double isotope method of Funabiki [10] was used.
L-[U-14C] Lysine (336 mCi/mmol) 10 uCi per day was
discontinued after 5 days and L-[4.5-3H] Lysine (40
Ci/mmol) 100 uCi per day was continued for 12 days. The
relative turnover rate of the protein fraction was estimated
from the 3H/1“C ratios. For the same protein turnover rates,
the 3H/'4C ratios were expected to be the same. Protein
with a higher turnover rate would have a greater 3H/!4C
ratio. SDS polyacrylamide gel electrophoresis was carried
out in 10% acrylamyde gels. The identified fractions were
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sliced and dissolved in hydrogen peroxide at 50°C over-
night and radioactivity was determined with a 1211 Mi-
nibeta liquid scintillation counter. Myoglobin was
measured by amodification of Reunaforje [17] and cytoch-
rome aa; by the method of Schollmeyer [18]. The DNA
unit size and RNA:DNA ratio were determined as de-
scribed by Millward and Waterlow [15].

Muscle samples for ultrastructural studies were fixed in
2.5% glutaraldehyde, post-fixed in 1% osmium tetroxide,
dehydrated in graded alcohol and embedded in Epon-812.
Ultrathin sections were cut from longitudinaly and trans-
versely oriented blocks, stained with uranyl acetate and
lead hydroxide, using 3-5 blocks from each animal. The
number of satellite cells, containing a nucleus, per 1000
myonuclei in experimental and control groups was calcu-
lated by electron microscopy. The satellite cell frequency
was determined as a ratio of the nucleus-containing satel-
lite cells divided by the total number of myonuclei includ-
ing satellite cells’ nuclei [8, 28].

In rats of the control (5 animals) and of the experimental
(5 rats) groups an electron microscopic examinantion of
114 axonal terminals located in 40 muscle fibers was
studied. The data were analyzed by Student’s t-test.

Results

In the fast-oxidative-glycolytic muscle fibres the content
of cytochrome aa; during 6 wk endurance exercise in-
creased from 117.8 + 20.5 to 166.03 * 23.0 nmole per mg
DNA. Incorporation of labelled leucine into actomyosin
fraction immediately after exercise decreased, but 24 hrs
after it increased 21% (p < 0.05). Incorporation of 3H
leucine increased into sarcoplasmic fraction immediately
after exercise and stayed high for 24 hrs. Myosin heavy
chain synthesis increased 22.2% (p < 0.05) and actin
synthesis 25% (p < 0.05) 24 hrs after last exercise.

In endurance-trained rats 24 hrs after the last exercise, in
fast-oxidative-glycolytic muscle fibres, the DNA unit size
did not change significantly but RNA:DNA ratio increased
from 3.77 + 0.30 to 4.85 + 0.33 (p < 0.01). At the same
time myosin HC turned over 32% (p <0.01) and actin 21%
(p < 0.01) faster than in control animals.

Destruction of thin and thick myofilaments in trained rats
was mostly located in the peripheral myofibrils (Fig.1).
Penetration of macrophages under the plasmalemma of
some myofibers was observed rather frequently. In the
sarcoplasm of muscle fibers there occurred secondary ly-
sosomes, autophagic vacuoles, containing degenerating
mitochondria and membranous remnants. In some axon
terminals there were lysosome-like bodies, autophago-
somes and extensive membrane structures (Fig. 2). Certain
axonal terminals were destroyed and in such pre-existing
synaptic contact areas only exposed junctional folds could
be seen.

Simultaneously signs of intracellular regeneration pro-
cesses could be registered in the muscle fibers of the
trained rats. In clusters of mitochondria, situated under the
plasmalemma, among large forms were also small ones
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Figure 4. Penetration of basal laminia between muscle fibre (MF) and satellite cell (SC). Bar corresponds to 0.5 pm.

with occasional cristae. In peripheral sarcoplasm there
occurred many free ribosomes, polysomes and rough en-
doplasmic reticulum. Under the basal lamina of muscle
fibers the satellite cells were located in extra- and perisy-
naptic areas. These were at distinct stages of differentia-
tion. Many of them had increased nucleus-cytoplasmic
ratios and numerous organelles. In the trained rats extra-
and perisynaptic satellite cells formed groups of two or

more cells (Fig. 4) which was not the case in the investi-
gated control animals. Sometimes basal lamina penetrated

. between the muscle fibre and the satellite cell (Fig. 5). The
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satellite cell frequency in fast-oxidative- glycolytic muscle
fibers in endurance-trained rats increased by 2.8-fold com-
pared with the controls (p <0.001). It seems that in trained
rats perisynaptic satellite cells were more evident than in
control animals.
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Figure 5. Two regenerated axonal terminals (AT) open in one primary synaptic cleft, bar corresponds to 1 um.

Fast-oxidative-glycolytic muscle fibres had elongated or
small-sized circular axonal terminals. In the same animal
some of the axonal terminals were rich in smooth electron-
lucent vesicles while other terminals had coated vesicles
and were abundant in mitochondria. The signs of focal

denervation were one of the ultrastructural features of -

trained rats myofibers. The newly-formed terminals were
ingrown into pre-existing synaptic grooves and were smal-
ler in size than the destroyed ones at the site where they
appeared. Sometimes, in trained rats ingrowing small ter-
minals had not yet established contact with old (pre-exist-
ing) junctional folds. Not seldom two axonal terminals
were located in one primary synaptic cleft and they were
isolated from each other by Schwann cell cytoplasm (Fig.
5). There was sometimes only an axonal terminal separated
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by collagen which penetrates into primary synaptic cleft
and exposed junctional folds were formed (Fig. 6). The
numerous post-synaptic sarcoplasmic organelles, associ-
ated with protein synthesis structures such as ribosomes,
polysomes, rough endoplasmic reticulum, a few Golgi
complexes, junctional myonuclei forming invaginations
containing myofilaments and other structures were ob-
served in endurance-trained rats. In this region there was
a great number of mitochondria, part of them dividing
along cristae.

Di .

It was shown that the turnover rate of muscle contractile
proteins gives us valuable information about the physio-
logical conditions of the contractile apparatus during en-
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Figure 6. Penetration of collagen fibrils (CF) into primary synaptic cleft (PSC) separating axonal terminal (AT) from
junctional folds (JF). Some exposed junctional folds (EJF) can be seen, bar corresponds to I um.

durance exercise as well as during the recovery period after
exercise [21]. Two main muscle contractile proteins
myosin and actin have similar turnover rates during exer-
cise and in the recovery period after long-lasting exercise
[22]. During the endurance-type exercise, myosin HC and
actin had a slower turnover rate than in the pre-existing
period. At the same time myosin LC had a significantly
faster turnover rate than that observed in control rats [22].

As endurance training causes an increase in the number
of satellite cells as well as intensification of protein syn-
thesis in the fast-oxidative-glycolytic muscle fibres largely
on account of biosynthesis of sarcoplasmic proteins, there
are grounds to believe that satellite cells in trained rats
replenish the fraction of sarcoplasmic proteins when the
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proteins are separated into sarcoplasmic and myofibrillar
fractions. Thus the elevated incorporation of labelled leu-
cine into sarcoplasmic fraction of fast-oxidative-glycolytic
fibers may be caused by satellite cells in which the invol-
vement of aminoacid is possibly more intensive than in
muscle fibers [23].

The other biochemical changes in myofibers were also
correlated with their ultrastructure, including de- and re-
generating signs. Increased RNA:DNA ratio in muscle
fibers of endurance-trained rats was confirmed by the
existence of numerous ribosomes, polysomes and rough
endoplasmic reticulum in peripheral sarcoplasm, in post-
synaptic areas, and in satellite cells. It was shown that the
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forming small new muscle fibers also contained many
polysomes and other organelles [26].

One of the factors for the activation of satellite cells may
be denervation of muscle fibers, as we observed in trained
rats [26]. The existence of some destroyed neuromuscular
junctions and exposed junctional folds are evidence of
focal denervation of myofibers that had not been recorded
in the investigated control rats. Hanzlikova and co-workers
[11] showed that when compensatory hypertrophy of the
rat soleus was combined with its denervation, the number
of satellite cells increased 5-fold compared with the normal
muscle.

Partial degeneration of some axonal terminals caused
also the decrease in the whole area of synaptic contact in
the neuromuscular junction [6]. The focal denervation of
some muscle fibres during endurance exercise was rever-
sible in most cases and was accompanied by the regener-
ation of axonal terminals. The process of renewal of the
axonal terminals during endurance-exercise is similar to
the regeneration of terminals after the instrumental injury
of the nerve [12, 13] and to the aging reorganization of rat
soleus neuromuscular junctions [6, 7]. In normal animals
there was an age-dependant reorganization of neuromus-
cular junctions with the formation of exposed junctional
folds [6, 7]. This process was connected with the increas-
ing load to the muscle apparatus due to growth in the body
mass of the animals [3, 25]. In rats it occurs at an age of
37-43 weeks [7]. However, since in the investigated neur-
omuscular junctions of the control rats no substantial
changes of pre- and postsynaptic structures were revealed
we believed that the process or reorganization of neuro-
muscular junctions in trained rats can be explained by the
effect of increased muscular activity.

In endurance-trained rats the focal denervation of muscle
fibers takes place possibly at the level of axon terminals,
that is why the repair of new terminals was completed by
the end of the training in most cases. The different structure
of the axonal terminals in the same experimental rat was
indicative of the injury of the terminals in different periods
of the training cycle. With the damage of the axon termi-
nals at a later period the process of reinnervation of the
neuromuscular junctions was not entirely completed by the
end of the training and axonal terminals were continuing
to ingrow into the pre-existing synaptic grooves [2]. The
new neuromuscular contacts were also characterized by
the presence of two terminals at the same primary synaptic
cleft [6]. The formation of new axon terminals could be
based on two mechanisms - either as a result of the activity
of motoneuron growth factors which were directed to the
injured terminal, or the stimulus to the axon growth was
inside the muscle fiber where the neuroactive agents pro-
moting the growth of the terminals could be synthesized
[1, 5]. The action of the latter mechanism was supported
by the experiments with adaptation of the diaphragm
muscle of the mice trained to the conditions of hypobaric
hypoxia [1]. In this case in the sarcoplasmic reticulum
acetylcholinesterase was accumulated which might serve
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as a stimulus to the formation of new motor end-plates [1].
Thus, increased muscular activity led to a considerable
reorganization of neuromuscular junctions in about six-
month-old rats.

Hence, changes in the turnover rate of muscle contractile
proteins in fast-oxidative-glycolytic muscle fibers in en-
durance-trained rats clearly reflect the physiological con-
ditions of the contractile apparatus, have good correlations
with the activation of satellite cells and reorganization of
neuromuscular junctions and can be possibly regarded as
a manifestation of the functionally-determined adaptive
process caused by an increase in the muscular activity of
the animals.

Address correspondence to:

Teet Seene, Department of Sports Physiology, Tartu
University, 18 Ulikooli str., EE2400 Tartu, Estonia.
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