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Fractional extraction and isozyme electrophoresis revealed the presence of small amounts (2.5 % of total

cellular activity) of mitochondrial creatine kinase (CK) in rabbit fast-twitch muscle. Chronic nerve stimula-

tion resulted in a decrease of extramitochondrial MM-CK to 60% of its normal value but induced an ap-

prox. 4-fold increase in mitochondrial CK. This increase occurred in parallel with the rise in enzyme activi-
ties of terminal substrate oxidation.
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1. INTRODUCTION

Total activities of creatine kinase (CK) are
higher in fast- than in slow-twitch rabbit muscles
[1]. Specifically, CK activity in soleus muscle
(slow-twitch) amounts to approx. 50% of that in
tibialis anterior muscle (fast-twitch). Since chronic
indirect stimulation of tibialis anterior muscle in-
duces fast-to-slow transitions (review [2]), it is not
surprising that the total activity of CK decreases in
parallel with the reduction in glycolytic enzyme ac-
tivities [3].

Conversely, chronic stimulation of fast-twitch
muscle induces 4—6-fold increases in mitochon-
drial enzyme activities of terminal substrate oxida-
tion [3,4]. Therefore, it was of interest to in-
vestigate whether or not chronic stimulation also
affects the mitochondrial isozyme of CK and leads
to a rearrangement of the CK isozyme pattern.

2. EXPERIMENTAL

Paired electrodes were implanted laterally to the
common peroneal nerve of the left hindlimb in
adult, male white New Zealand rabbits as de-

* To whom correspondence should be addressed

Published by Elsevier Science Publishers B.V. (Biomedical Division)

Cytosolic

Skeletal muscle Chronic nerve stimulation

scribed [3]. Stimulation (10 Hz, 0.15 ms single
pulse duration) was performed by a telestimulation
system [5]. Animals were stimulated 12 h/day with
alternating periods of 1 h stimulation and 1 h rest.
After different time periods, animals were killed
and tibialis anterior muscles of both stimulated
and unstimulated legs were dissected and passed
through a cooled micro-meatgrinder [6]. Aliquots
were homogenized in 20 mM Na-phosphate
(PH7.2) to give 2.5% (w/v) homogenates.
Measurements of total enzyme activities and
isozyme electrophoreses were performed on the
supernatants after centrifugation at 105 x g. Ap-
prox. 400 mg of the minced muscle were subjected
to fractional extraction [6—-8] to elute separately
extra- and intramitochondrial enzymes. The first 2
extractions in a sucrose medium (0.3 M sucrose,
10 mM triethanolamine HCl, 2 mM EDTA, pH
7.2) accomplish an almost complete elution of
soluble cytosolic enzymes. Two successive steps in
0.1 M K,Na-phosphate (pH 7.2) liberate glycolytic
enzymes associated with myofibrillar proteins [8]
and additionally extract soluble enzymes, especial-
ly mitochondrial CK [7,9] from the outer
mitochondrial compartment. The final step in
0.1 M K,Na-phosphate (pH 7.2) uses mechanical
disintegration with subsequent extraction in the

00145793/85/$3.30 © 1985 Federation of European Biochemical Societies 341



Volume 188, number 2

presence of 0.5% Triton X-100 to elute soluble in-
tramitochondrial enzymes. Activity measurements
for creatine kinase (EC 2.7.3.2), malate
dehydrogenase (MDH, EC 1.1.1.37) and citrate
synthase (CS, EC 4.1.3.7) were performed as
described [10]. CK isozyme electrophoresis was
performed on cellulose acetate strips (Cellogel,
Chemetron, Milan, Italy) using a 0.04 M Na bar-
bital buffer, pH 8.8. Enzyme activity was visual-
ized using the phenacine methosulfate/nitro blue
tetrazolium system. Quantitative evaluation was
performed with an LKB UltraScan Laser
densitometer.

3. RESULTS

Using both isozyme electrophoresis (fig.1) and
fractional extraction we were able to demonstrate
that normal fast-twitch tibialis anterior (TA) mus-
cle contains, in addition to a large amount of
cytosolic MM-isozyme, small amounts of
mitochondrial CK. The fraction of mitochondrial
CK amounts to approx. 2.5% of the total cellular
CK activity (table 1). Chronic nerve stimulation in-
duced a pronounced increase in mitochondrial CK
(fig.1). After 60 days stimulation, the mitochon-
drial CK increased to 14.3% of the total activity
(table 1). Conversely, the cytosolic CK activity
decreased to approx. 60% of its original value and
total cellular CK activity was reduced to about
70% of its normal value. Thus, the increase in
mitochondrial CK did not compensate for the
reduced cytosolic activity and the rise in relative
activity of mitochondrial CK was higher than its
absolute increase.

The increase in mitochondrial CK was pro-
gressive with the duration of stimulation (fig.2). A
2-fold elevation resulted after 12 days of stimula-
tion and the activity had increased 4-fold after 60
days. The time course and extent of these changes
correlated with similar increases in enzymes of the
citric acid cycle, such as citrate synthase and
malate dehydrogenase (fig.2). The citrate synthase
increased almost 7-fold and mitochondrial malate
dehydrogenase 4-fold after 60 days stimulation.

The decrease in cytosolic CK activity (fig.2) can
be attributed to a reduced level of the M-subunit,
as only minute amounts of MB-CK were observed
in the stimulated muscles. MB-CK was not detec-
table in the unstimulated, contralateral muscles.
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Fig.1. Electrophoreses of creatine kinase isozymes in
control (Co), 28 and 60 days stimulated (12 h/day)
rabbit tibialis anterior muscles. Arrow marks the point
of sample application. AdK, adenylate kinase; MM,
cytosolic CK; mimi, mitochondrial CK.

Table 1

Activities of total, cytosolic and mitochondrial creatine
kinase in control and chronically stimulated tibialis
anterior muscles of the rabbit

Stimulation Creatine kinase activity
(days) (U/g muscle)
Total Cytosolic Mito-
chondrial
0 600 585 15
8 558 536 22
14 479 452 27
28 434 396 38
60 419 359 60

Cytosolic and mitochondrial isozyme activities were
calculated from total activities and the electro-
phoretically determined percentages of the 2 isozymes
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Fig.2. Time course of stimulation-induced changes in
mitochondrial (m-CK) and cytosolic (¢-CK) creatine
kinase, mitochondrial malate dehydrogenase (m-MDH),
and citrate synthase (CS). Enzymes were measured after
fractional extraction from extra- and intramitochondrial
compartments [6,7]. Activities in the stimulated tibialis
anterior were compared to their values in the
unstimulated, contralateral muscles. The values
represent means + SD for 3 animals at each time point,
except for m-MDH at 28 and 60 days and m-CK at 60
days where individual values are given.

At present it is not known whether the appearance
of small amounts of the MB-heterodimer is related
to the stimulation-induced fast-to-slow transition
or reflects regenerative processes following fiber
damage [11].

4. DISCUSSION

Using 2 independent methods, this study has
shown the existence of small amounts of
mitochondrial CK in normal fast-twitch rabbit
muscle and revealed a several-fold increase in
chronically stimulated muscle. Pronounced in-
creases in mitochondrial CK have also been found
in muscles of marathon runners [12]. It has been
recently demonstrated that chronic stimulation of
fast-twitch rabbit muscle induces parallel increases
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in enzyme activities of terminal substrate oxidation
and total mitochondrial volume [4]. These in-
creases result in values that exceed those normally
found in slow-twitch ‘red’ muscles [4]. The quan-
titatively similar increases in enzyme activities of
the citric acid cycle seen in this study, suggest that
the absolute amount of mitochondrial CK cor-
relates with the aerobic-oxidative potential of the
muscle. These results indicate an important role of
mitochondrial CK in the intra-extramitochondrial
transfer of high energy phosphate (creatine
phosphate shuttle {13,14]) not only in heart but
also in fatigue-resistant red skeletal muscle. It is
remarkable that this metabolic change correlates
with the reduced capacity of glycolytic substrate
phosphorylation (decrease in glycolytic enzyme ac-
tivities) in the chronically stimulated muscle.

ACKNOWLEDGEMENT

This study was supported by Deutsche
Forschungsgemeinschaft, Sonderforschungsbe-
reich 156.

REFERENCES

[1] Pette, D. and Biicher, T. (1963) Hoppe-Seyler’s Z.
Physiol. Chem. 331, 180-195.

[2] Pette, D. (1984) Med. Sci. Sports Exercise 16,
517—-528.

[3] Pette, D., Smith, M.E., Staudte, H.W. and
Vrbova, G. (1973) Pfliigers Arch. 338, 257-272.

{4] Reichmann, H., Hoppeler, H., Mathieu-Costello,
O., Von Bergen, F. and Pette, D. (1985) Pfliigers
Arch. 404, 1-9,

[5] Schwarz, G., Leisner, E. and Pette, D. (1983)
Pfhigers Arch. 398, 130-133.

(6] Pette, D. (1967) in: Praktische Enzymologie
(Schmid, E. and Schmid, F.W. eds) pp.15-52,
Hans Huber, Bern.

[7] Pette, D. (1966) in: Regulation of Metabolic
Processes in Mitochondria (Tager, J.M. et al. eds)
BBA Library, vol.7, pp.28-50, Elsevier,
Amsterdam, New York.

[8] Arnold, H. and Pette, D. (1968) Eur. J. Biochem.
6, 163—171.

[9] Saks, V.A., Chernousova, G.B., Voronkov, Iu.IL.,
Smirnov, V.N. and Chazov, E.I. (1974) Circul.
Res., suppl.3, vols 34 and 35, pp.138-147.

343



Yalivivme 199 wiimmlar
v

<

[10] Biicher, T., Luh, W. and Pette, D. (1964) in:
Handbuch der physiologisch- und pathologisch-
chemischen Analyse, vol.VI/A, pp.292-339,
Springer, Berlin.

[11] Gambke, B., Maier, A. and Pette, D. (1984) J.
Physiol. 361, 34P.

344

o) TEDG T ETTEDRC Q
TULIC 100, HUIUCL 4 YL L1 LR bat

K

[12]1 Apple, F.S.. Rogers, M.A. and Ivy, J.L. (1985)
Clin. Physiol. 5, suppl.4, 15.

{13] Bessman, S.P. and Geiger, P.J. (1981) Science 211,
448452,

[14] Jacobus, W.E. (1985) Annu. Rev. Physiol. 47,
707-725.



