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F16. 2. Plantaris’ muscle from weight-matched control (4) and
exercise-trained (B) rats. When sections were orientated by matching
to a serially sectioned replica of gastrocnemius-plantaris-soleus, nearly

TABLE 2. Oxidation of pyruvate-2-C and palmitate-U-*C
by homogenates of different types of muscles
from exercised and sedentary animals

exact levels could be compared. Increase in numbers of fibers rich in
oxidative enzyme in B was a constant finding at all levels in exercised
animals. Stained for DPNH-diaphorase. Magnification ca. X20.

TABLE 3. Levels of activity of citrate synthase and
carnitine palmityliransferase in muscles from
exercised and sedentary animals

Quadriceps | Quadriceps
Group Sol Group Soleus
Superficial, white Deep, red I Superficial, white| Deep, red ‘ Middle, mixed
Pyruvate-2-UC oxidation, nmoles/min per g Citrate synthase, pmoles/min per g
Sedentary 9622 (6) 324£56 (6) 158425 (5) Sedentary 10.3+ 35.5+ 20.6+ 23.24
Runners 20742 (6)* 8321149 (6)* 376116 (5)* 0.9 (9) 3.2 (9) 1.3 (4) 1.7 (3)
Runners 18.5+ 69.94 37.5+ 40.94+
Palmitate-U-UC oxidation, nmoles/min per g 0.8 (9)* | 3.7 (9)* 4.5 (4)* 2.8 (3)*
Sedentary 5.542.5 (6) | 40.5+5.6 (6) 23.243.2 (5) Carnitine palmityltransferase, pmoles/min per g
Runners 15.6+£2.3 (6)* | 88.0£16.0 (6)* | 48.0£8.7 (5)*
Sedentary | 0.11+ 0.72+4 0.26+ 0.63+
Values are means = se. The number of animals per group is 0.01 (6) 0.06 (8) 0.03 (4) 0.07 (6)
given in parentheses. The concentration of pyruvate-2-4C was Runners 0.20+ 1.20+ 0.44+ 1.20%+
10 mum, while that of palmitate-U-4C was 0.75 mm. The pyruvate- 0.02 (6)* 0.09 (8)* | 0.02 (4)* 0.05 (3)*
2-4C contained approximately 70,000 dpm per pmole; the pal-

mitate-U-#C contained approximately 400,000 dpm per pmole..

The flasks contained homogenate equivalent to either 100 mg of
white, 40 mg of red, or 40 mg of soleus muscle. * Runners vs.
sedentary, P < 0.05.

different muscle types in the two groups of animals. In
evaluating these results one should remember that, under
ideal conditions, oxidation of one molecule of pyruvate
yields 15 molecules of ATP, while oxidation of 1 molecule
of palmitate yields 130 molecules of ATP.

Values are means =+ sE. The number of animals per group is
given in parentheses. * Runners vs. sedentary, P < 0.01.

Cilrate synthase, carnitine palmityliransferase, cytochrome oxi-
dase, and cytochrome ¢ levels. Further information regarding the
effects of the exercise program on the different fiber types
was obtained by measuring the response of a number of
mitochondrial marker enzymes. The levels of activity of the
citric acid cycle enzyme, citrate synthase, the long-chain
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WHITE, RED, AND INTERMEDIATE MUSCLE RESPONSE TO EXERCISE

TABLE 4. Cytochrome oxidase activity in muscles from
exercised and sedentary amimals

Quadriceps
Group Soleus
Superficial, white ’ Deep, red
Cytochrome oxidase, pl Os/min per g
Sedentary 167 + 8 (9) 830 £ 64 (5) 621 £ 39 (6)
Runners 339 &+ 21 (9)* | 2041 £ 60 (5)* | 1347 £ 100 (6)*

Values are means =+ sE. The number of animals is given in
parentheses. * Runners vs. sedentary, P < 0.001

TABLE D. Concentration of cytochrome ¢ in muscles of
exercised and sedentary animals

Quadriceps
Group
Superficial, white ‘ Deep, red \ Middle, mixed
Cytochrome ¢, nmoles/g
Sedentary 3.2 0.3 16.5 &= 1.6 9.1 &£ 1.0
Runners 6.3 & 0.7* 28.4 £ 2.1%* 18.5 £ 2.7*

Values are means == sg; each value is the mean for 5 animals.
* Runners vs. sedentary, P < 0.01.

fatty acid transport enzyme, carnitine palmityltransferase,
and the respiratory chain enzyme, cytochrome oxidase, all
increased significantly in the soleus, and in the superficial,
white and deep, red portions of the quadriceps (Tables 3
and 4). The concentration of the respiratory chain con-
stituent, cytochrome ¢, was also found to be significantly
increased in the white and red portions of the quadriceps of
the runners (Table 5). There was insufficient tissue available
to measure cytochrome ¢ levels in the soleus.

In addition to the superficial white and deep red portions
of the quadriceps, a number of assays were performed on the
remaining middle portion of the quadriceps, which is a
mixture of the fiber types (Fig. 1). The levels of activity of
citrate synthase and carnitine palmityltransferase (Table 3),
and the concentration of cytochrome ¢ (Table 5), were
significantly increased in the middle portion of the quadri-
ceps of the runners. The magnitude of the exercise induced
increase in the mitochondrial enzymes was similar in the
three portions of the quadriceps muscle.

DISCUSSION

The major feature of the adaptation that occurs in the
limb muscles of rats subjected to the running program used
in these studies is an increase in the capacity for aerobic
metabolism (6, 9, 10, 13, 15). This is evidenced by an in-
creased capacity of whole homogenates and of the mito-
chondrial fraction of muscle to oxidize pyruvate and long-
chain fatty acids (6, 9, 13). Underlying this increased
capacity for oxidative metabolism is a rise in the levels of a
number of mitochondrial enzymes. These include enzymes
involved in the activation, transport, and oxidation of long-
chain fatty acids (13), enzymes of the citric-acid cycle (10),
and the components of the respiratory chain that link the
oxidation of succinate and DPNH to O, (6, 9, 10, 15).
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A number of groups of investigators, employing histo-
chemical techniques, have demonstrated an exercise-in-
duced increase in the percentage of fibers in mixed muscles
which appear to be red and a decrease in those that appear
white on the basis of staining intensity of a number of
mitochondrial enzymes (2, 3, 5). No changes were noted
in the soleus (3). This finding has been interpreted as indi-
cating that white muscle fibers are converted to red, and
that this change in fiber type is responsible for the increase
in respiratory capacity of skeletal muscle that occurs with
endurance exercise.

The results of the biochemical portions of the present
study show that this is not the case, but that the capacity
of all three fiber types for aerobic metabolism increases
proportionally to the same extent. In these studies the
capacity to oxidize pyruvate and long-chain fatty acids was
assessed by measuring the rate of “CO, production from
pyruvate-2-#C and palmitate-U-“C by whole homogenates
of muscle. The concentration of cytochrome ¢ and the level
of activity of cytochrome oxidase were used as markers for
the respiratory chain. Two other enzymes involved in
aerobic metabolism, citrate synthase, and carnitine palmi-
tyltransferase, which also increase in mixed muscle in
response to exercise (10, 13), served as additional mito-
chondrial markers.

From the response of these mitochondrial marker en-
zymes and the measurements of oxidative capacity, it is
clear that the mitochondria in soleus muscle and in the
superficial, white and deep, red portions of the quadriceps
underwent similar, approximately twofold, increases in
capacity for oxidative metabolism. The magnitude of this
increase is similar to that found previously for whole mixed
muscles (6, 9, 10, 13, 15), and in the middle, mixed portion
of the quadriceps in the present study.

The muscle samples used to measure the response of the
different fiber types were, of course, not pure (Figs. 1 and
2). The soleus contains approximately 96 % intermediate
and 4 % red fibers (Fig. 15), while the deep red portion of
the quadriceps contains approximately 30 % intermediate
and 70 % red fibers (Fig. 1). This does not, however, affect
the unavoidable conclusion that the approximately twofold
increase in respiratory capacity of the soleus and of the
superficial, white and deep, red portions of the quadriceps
is due to a twofold rise in the respiratory capacities of the
intermediate, the white, and the red muscle fibers.

Since exercise induced an approximately twofold increase
in the capacity for aerobic metabolism of all three muscle
fiber types, their relationship to each other with respect to
respiratory capacity was unchanged. In other words, white
fibers still had only approximately one-fifth as great a
capacity for oxidative metabolism as red fibers in the
muscles of the trained animals. This does not seem com-
patible with the concept that white muscle fibers are con-
verted to red.

The present histochemical observations confirm the
findings of others (2, 3, 5) that, by the criterion of staining
intensity for respiratory enzymes, the percentage of red
appearing fibers in a mixed muscle increases, and the per-
centage of white appearing fibers decreases, while no
changes are evident in the soleus, in response to endurance
exercise. Since the biochemical data are not compatible
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with the interpretation that the exercise-induced increase
in respiratory capacity of mixed muscle is due to transfor-
mation of white muscle fibers into red, another explanation
is needed for these histochemical findings.

The most likely explanation, in our opinion, relates to
the relative insensitivity of the histochemical staining tech-
niques, which are qualitative in nature and not appropriate
for quantitation of enzymatic activity. In other words, the
stains for the respiratory enzymes, as they are generally
used, serve to distinguish fibers with an oxidative capacity
above some critical level, which makes them appear red,
from white fibers whose oxidative capacity is below this
level. However, the staining methods do not appear to be
sufficiently sensitive or reproducible to permit grading of
intensities of redness or quantitation of enzyme levels in
studies involving comparisons of muscles from different
animals.

It seems likely that the population of white muscle
fibers in a mixed muscle is not homogeneous, but consists
of a spectrum of fibers of varying respiratory capacity. The
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