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Abstract

Male mutant C57BL/10 mdx mice and control normal mice of the C57BL/6J strain at different
ages were used to study creatine kinase (CK) and lactate dehydrogenase (LDH) release in vitro
from hind limb and diaphragm muscles. The muscle specimens were incubated in Krebs-
Ringer bicarbonate solution without any supplementation and in the presence of different
agents which are able to change muscle cell’s calcium homeostasis.

The data provide an evidence for an increased muscle plasmalemma permeability, both of mdx
skeletal muscles as well as mdx diaphragm in adult animals. In young animals the release was
even lower than in controls. High K concentration and calcium ionophore A23187 were
affecting the plasmalemma permeability, especially in the mdx diaphragm, to a lesser degree
but also evidently in the mdx skeletal muscles. Dantrolene and Verapamil were able to act on
the enzymes release both from normal skeletal muscle and diaphragm, as well as from mdx
muscle specimens. In the latter their action was, however, less evident as compared to normals.
Their action was decreasing with age.

These results may indicate a role of intracellular calcium accumulation and its distribution on
the degree of plasmalemma permeability of mdx muscles. The reaction to calcium blockers
has a tendency to decrease as the disease is progressing. To prevent further impoverishment
of the dystrophic muscle in some of its components, they should be applied as early as possible.
Key words: mdx mice, enzyme release, calcium homeostasis.

Duchenne and Becker muscular dystrophies are pro-
gressive muscle wasting diseases for which the defective
gene has been identified [28] and the gene product called
“dystrophin” has been characterized [18]. This protein is
absent or greatly diminished in Duchenne dystrophy and
mdx mouse skeletal and diaphragm muscles; greatly dim-
inished dystrophin concentration often with a changed
molecular weight in Becker dystrophy is present. It is
proposed that this protein exerts either a stabilizing effect
on the muscle membrane [22] and/or is involved in calcium
[19] and ion channels regulations [8, 11]. It is also known
that calcium augments enzyme leakage from skeletal
muscles [34, 35]. There is currently no known efficient
therapy of these diseases. The membrane and Ca**-related
theories led to therapeutic trials with Ca**-channel
blockers as Nifedipine [5, 29], Diltiazem [2, 3, 30] and
Verapamil [9, 41]. In Duchenne dystrophy they resulted in
amild improvement in cardiac parameters [2], lowering of
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intracellular skeletal muscle calcium accumulation [30],
short-term benefit in muscle strength and lowering the
intracellular enzymes release. In mdx mice Dantrolene
administration is reported to cause reductions of serum
creatine kinase [32].

The beneficial effect of agents acting on muscle cell
calcium concentration and its distribution inside the
muscle cell seems to be of limited value, yet. It is possible,
however, that it is the consequence that they are adminis-
tered too late, when already evident clinical symptoms are
present. In this study we examined the influence of differ-
ent agents able to handle the intracellular calcium content
(in positive and negative means), on the release of two
muscle enzymes of different molecular weights (creatine
kinase and lactate dehydrogenase) from two differently
affected muscles (skeletal muscles and diaphragm) before
and after muscle cell degeneration and regeneration pro-
cesses are taking place.
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Materials and Methods

Male mutant C57BL/10 mdx mice, 14 days to 12 months
of age, and control age-matched mice of the C57BL/6J
strain, were used. Four animals in each group were fed a
standard laboratory diet, they were killed by cervical dis-
location in ether anaesthesia and gastrocnemius and dia-
phragm muscles were carefully removed. The muscles
were mounted at approximately resting length on a plastic
support of special holders and placed in Krebs-Ringer
bicarbonate buffer (pH 7.4) supplemented with 10 mM

glucose and 0.5 mM cycloheximide [20]. Addition of

different agents were made prior to placing the muscles
samples in tubes. To the Krebs-Ringer bicarbonate buffer
the following was added: 1) 100 mM KCI instead of the
100 mM NaCl, 2) Calcium ionophore A23187, 10 pg per
ml, 3) Dantrolene, 10 g per ml and, 4) Verapamil 200 pM.
The tubes were placed in a shaking water bath for 30 min
intervals at 37°C. At 30 min intervals the medium in each
tube was removed and replaced with fresh medium
warmed before to 37°C. Incubation was allowed to proceed
for two hours. Bovine serum albumin (0.1%) was added to
each medium in order to stabilize the enzymes activity and
minimize their losses.

Creatine kinase (CK) activity was estimated by an
enzyme linked assay, the reduction of NAPDH being fol-
lowed at 340 nm (Cormay Diagnostic Kit).

Lactate dehydrogenate (LDH) activity was measured in
the direction of pyruvate to lactate formation by following
the oxidation of NADH at 340 nm (Cormay Diagnostic
Kit). All analyses were carried out at 25°C and the acti-
vities were expressed as IU per mg of muscle protein
incubated.

The total protein content in the particular muscle
samples, before the incubation was taking place, was deter-
mined by the method of Lowry et at. [23], as modified by
Peterson [31].

The statistical significance of the results was assessed
using Student’s test and Duncan’s multiple range test
(GLM). A P value > 0.05 being considered as non-signifi-
cant.

Results

The CK and LDH release from normal hind limb muscles
and diaphragm in mdx mice and controls is presented
(Table 1). In control mice no age-dependence of the efflux
was observed, in this group a mean of all determinations is
given. The CK release from normal skeletal muscles was
always lower than from the normal diaphragm. The oppo-
sitec was observed for LDH in normal skeletal and dia-
phragm muscles. During the first 30 minutes of incubation
about 30% of the total release was present, both in normals
as well as mdx animals. A total release or changes of the
release as compared to those in not supplemented medium
during the two hours of incubation is presented in the
Tables.

The enzymes release from mdx muscles of young mdx
animals was lower than in controls, in adult skeletal

muscles it was increasing progressively, achieving the top
between 90 to 180 days of life of the animals. In mdx
diaphragm after initially lower release in young animals,
the highest efflux was also present at the age between 90
and 180 days of life, afterwards it returned, however, to
that of normals. An additional and significant enzymes
release from control skeletal and diaphragm muscles was
induced in the presence of high K™ concentration (Table
2). In these conditions the CK efflux from normal dia-
phragm was higher than that from normal skeletal muscles,
the opposite was observed for LDH. In skeletal muscles
and diaphragm of young mdx animals the enzymes release
in the presence of high K* was lower than normally. In
adult mdx mice the additional CK release in the presence
of high K* was significantly higher than in normals. The
changes of the LDH release from mdx muscles as com-
pared to normals were less evident. Calcium ionophore
induced a significant increase of the enzymes efflux from
normal skeletal muscles and normal diaphragm (Table 3).
The CK efflux from normal skeletal muscle was in this
conditions comparable to that from diaphragm, that of
LDH was higher from skeletal muscles than from the
diaphragm. No age-dependence of the release in normal
animals was observed. In the mdx skeletal muscles and
mdx diaphragm a significantly higher CK efflux was pres-
ent both in young, as well as adult mdx animals, the top of
the increase was observed between 90 and 180 days of life.
The LDH efflux in the presence of calcium ionophore was
less increased, as compared to that of CK. Dantrolene when
added to the incubation medium lowered the enzymes
release both from normal skeletal muscles, as well as from
normal diaphragm (Table 4). No age-dependence of the
enzymes efflux decrease was observed. The decrease of
CK efflux was significantly higher when normal skeletal
muscles were tested, as compared to the normal dia-
phragm. The degree of LDH efflux decrease in the
presence of Dantrolene was similar in normal skeletal
muscles and normal diaphragm. In mdx muscles Dan-
trolene inhibited significantly the CK release when com-
pared to that in the not-supplemented medium, the action
was, however, significantly lower, especially in adult mdx
animals. The decrease in the reaction to Dantrolene was
progressing with age. The decrease of LDH efflux in the
presence of Dantrolene was similar in mdx skeletal and
diaphragm muscles to that in normals, except of the mdx
animals at the age at 180 and 360 days where the reaction
to Dantrolene was already smaller. Verapamil decreased
significantly the CK and LDH efflux from normal skeletal
muscles and diaphragm in a similar manner (Table 5). The
change in the enzymes release in the presence of Verapamil
in normals was not age-dependent. The decrease in the CK
efflux in the presence of Verapamil in mdx animals was
significant when compared to their efflux without Vera-
pamil supplementation, it was significantly less expressed,
however, especially in the mdx diaphragm when compared
to normals. The reaction of enzymes release to Verapamil
was decreasing with age of the mdx animals. Verapamil
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Table 1. Creatine kinase and lactate dehydrogenase release from skeletal muscles and diaphragm in vitro.

Age Creatine kinase Lactate Dehydrogenase
days Skeletal muscles Diaphragm Skeletal muscles Diaphragm
IU per mg muscle proteins incubated
Mdx mice 14 260.3 £ 158.5 209.3 £107.4* 23.9 +£9.8* |ISESEESGE
30 494.4+122.5 498.7 + 128.6* 308588111 * 1752 0N *
90 1074.1 £116.2* 7255+ 116.8* 3785+ 21.2* 126.5 + 38.3*
180 939.4 +67.7* 829.7+116.4* 399.4 + 62.8* 12015k 1515%
240 854.2 + 65.6% 567:5'% 110.9* 119074 32.5* 429 +7.8*
360 666.1 £ 54.9* 460.9 £ 115.5* 199.6 + 22.5* 46.2 + 14.5%
Control mice 14 - 360 349.6 £97.7 553.2+t76.4 93.2+8.1 54957

Values are means + SD.

* Significant at P < 0.05 as compared to controls.

Table 2. Increase of creatine kinase and lactate dehydrogenase release from skeletal muscles and diaphragm in vitro in the presence of

high K* concentration.

Age Creatine kinase Lactate Dehydrogenase
days Skeletal muscles Diaphragm Skeletal muscles Diaphragm
IU per mg muscle proteins incubated
Mdx mice 14 36374k 67.7 165.6 £ 17.8* 2940i2.9* 16.3+28
30 837.1 £349.9*% 1423.6 + 485.1* 91.9+17.6 28.8 £ 8.1
90 884.7 = 74.4* 1546.0 £ 391.9*% 808iE'5.5 O 1 [ B
180 876.9 = 389.0* 1848.5 + 305.9* 898523 5% 374 +6.8%
240 SO 19T TE 2131%6 £ 721.4* 224.0 +39.2* 31.4+9.4*
360 818.2 +264.7* 8108 105:6 244.9 £ 55.6* 30):5:z 2197
Control mice 14 - 360 5655+ 1124 182582,k 342.3 73.4%10.5 20.0x 2.6

Values are means *+ SD.

* Significant at P < 0.05 as compared to the increase of the enzymes release in controls in the presence of high K* concentration.

Table 3. Increase of creatine kinase and lactate dehydrogenase release from skeletal muscles and diaphragm in vitro in the presence of
calcium ionophore A23187.

Age Creatine kinase Lactate Dehydrogenase
days Skeletal muscles Diaphragm Skeletal muscles Diaphragm
IU per mg muscle proteins incubated
Mdx mice 14 90.1 £ 4.8* 143.1 £ 13.6* 129134 22104
30 124.6 £ 21.1* 1478.4 £ 314.2% 244+72 SiSitelEd
90 211.0 + 88.0* 1589.1 £217.8% T2l 18.6% 5875tz T8
180 245.8 + 88.5* 1303.7 £ 398.2* 66.4 £ 8.8* 109 +4.1*
240 134.2 £ 67.5* 1072.9 £ 835.1* 67.7+16.2*% 29+1.8
360 132.0 £ 6.2* 142.8 +£40.9* 7.9 LI8S™ 1.9+£0.6
Control mice 14 - 360 53.9+45 31.6+4.7 ['5:0="2°3 Pstyasilsil

Values are means + SD.

* Significant at P < 0.05 as compared to the increase of the enzymes release in controls in the presence of calcium ionophore A23187.
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Table 4. Decrease of creatine kinase and lactate dehydrogenase release from skeletal muscles and diaphragm in vitro in the presence

of Dantrolene.

Age Creatine kinase Lactate Dehydrogenase

days Skeletal muscles Diaphragm Skeletal muscles Diaphragm
[U per mg muscle proteins incubated

Mdx mice 14 121.8 £ 18.3* 18.3+£0.7 21.1+6.8 18122
30 131.9 + 18.6* 9 1s:431.5°% 31.5+6.3 18.1 £0.8
90 1424+ 11.8* 10.8 £4.8* 23,580 164+2.38
180 549+ 15.2* 10.3%:6.1* 13.5+4.0* 8.2+ 0.6*
240 45.6 £ 16.9* 1.8 £0.6* 1115 9yt2:9* Sl 101*
360 353+ 4.6* 1.4+£0.3* Telasl 9% 114+2.1*
Control mice 14 - 360 178.1£9.1 26:5.4:347 2984 3.7 28.1£6.9

Values are means £ SD.

* Significant at P < 0.05 as compared to the decrease of the enzymes release in controls in the presence of Dantrolene.

Table 5. Decrease of creatine kinase and lactate dehydrogenase release from skeletal muscles and diaphragm in vitro in the presence

of Verapamil.

Age Creatine kinase Lactate Dehydrogenase
days Skeletal muscles Diaphragm Skeletal muscles Diaphragm
IU per mg muscle proteins incubated
Mdx mice 14 58.9 £ 13.4* 242+ 8.1* 14.6 +£2.2* 1025534
30 698i526.3* 20/9:412.5* 13197105 143+1.9
90 S¥:8&=17.9* 1288K1E12.0%* |I3NIB=01 * 145+4.2
180 559+7.8* 12.4 + 3.8* [[1B3)=20/7* 16.8 +3.1
240 358.557.4%* §115i:E4:3* 313102 * 20.1+54
360 291058.2* 1145043, 7* 2.4+1.3*% 12.6 5.6
Control mice 14 - 360 12881:53°16.3 133.7£8.8 242+54 149136

Values are means £ SD.

* Significant at P < 0.05 as compared to the decrease of the enzymes release in controls in the presence of Verapamil.

was also acting on the LDH efflux from mdx skeletal
muscles although less evident as compared to normals, in
the mdx diaphragm the LDH efflux in the presence of
Verapamil was comparable to that of normals.
Discussion

In muscle pathology, especially in humans muscular
dystrophy, a substantial release of intracellular enzymes,
notably of creatine kinase, from dystrophic muscle is a well
known phenomenon. The CK activity is also increased in
serum of mdx mice [14, 27, 32]. According to some [27]
CK hyperenzynemia is present only in adult animals. It is
also reported that mdx muscles were found to release
reduced amounts of CK as compared to controls in re-
sponse to excessive contractile activity [25]. These latter
two reports contradict the suggestion on the existence of
increased plasmalemma permeability to CK from the birth
of the mdx animals, at least, and also on the presence of
increased susceptibility of the plasmalemma to stresses of
contraction [25]. The latter report contradicts also the

suggestion that the changes in membrane permeability
occur at about the age when muscle activity increases.
Another characteristic feature of the Duchenne dystrophic
process is the calcium accumulation in the muscle cell.
Both in Duchenne dystrophy, as well as mdx mice, an
elevated muscle calcium content proceed degradation of
muscle proteins [4, 10, 14, 27, 38, 39]. The elevation of
free intracellular calcium is proposed to be caused by
increased activity of calcium leak channels in the dystro-
phin-deficient plasmalemma [39] and increased plasma-
lemma permeability, restricted however only to adult mdx
animals [27]. It is also reported that in mdx mice @i
leaking from the sarcoplasmic reticulum, and this would
accelerate further muscle degeneration [36]. Changes in
intracellular calcium concentration may be also connected
with the content of dystrophin. There are evidence pro-
vided for the involvement of dystrophin in stabilization of
calcium-sensitive stretch inactivated ion channels [11].
There are, however, some uncertainties concerning the role

- 380 -




Muscle plasmalemma permeability in mdx mice

of intracellular calcium in the pathologic processes in
dystrophy. It is demontrated that no increased influx of
#Ca into intact dystrophin-deficient muscles in vitro is
present [26], there is a comparable CK release in the
presence of calcium ionophore in mdx mice and controls
[25], and also normal levels of intracellular free calcium in
intact dystrophin-deficient mdx muscle fibres [17] are
reported.

This study was undertaken in order to follow in mdx mice
the release of two enzymes, both of cytoplasmic origin in
different conditions. The rationale behind the choice of
creatine kinase and lactate dehydrogenase determinations
was the fact of their different molecular weights, and also
their different activities in serum in the course of human
dystrophy. The rationale behind the choice of different
types of muscles of the mdx animals were the drastic
differences in the expression of dystrophic changes in
skeletal muscles and diaphragm, observed as degradation
and active regeneration in skeletal muscles, and more
human dystrophy-like changes in the mdx diaphragm.
Because of the evident relationship of the morphological
changes, at least, and the age of the animals the examin-
ations were performed at the age between 14 and 360 days
(at the prenecrotic stage in young and the degenerative-re-
generative stages in adults), without and in the presence of
different agents affecting the intracellular calcium concen-
tration and/or its distribution, as high K* concentration,
calcium ionophore A23187, Dantrolene and Verapamil.
High K* is known to depolarize the muscle membrane, it
induces a release of Ca”* from sarcoplasmic reticulum into
the cytoplasm, and increases protein degradation [42].
Calcium ionophore A23187 acts on the outer muscle mem-
brane and causes a large increase in whole tissue calcium
content [15, 21, 33, 35], itincreases also LDH release from
rats diaphragm [35], intensifies excitation-contraction
coupling by potentiating Ca” intracellular stores release
[6], induces membrane changes including depolarization
with normal sensitivity to ouabain and alters the active
sodium transport [37], enhances also protein degradation
[12, 33,42] and provokes dissolution of myofilaments [7].
Dantrolene impairs excitation-contraction coupling, pro-
tects the muscle against exercise-induced damage [1]. Its
major action is an inhibition of calcium release from sar-
coplasmic reticulum [16], it also acting on sarcolemma
[40]. Verapamil has been shown to inhibit a voltage-de-
pendent component of calcium influx in the cell membrane
and transverse tubules [13] and causes also significant
decrease of proteolysis [42].

Some of these agents were already used either in treating
Duchenne dystrophy patients or applied to different dys-
trophy models both in vivo, as well as in vitro. In the in
vitro studies with ionophore A23187 induced a significant
increase of proteolysis of both normal and mdx mice
muscles [24]. The calcium ionophore induces also rapid
creatine kinase efflux but of the same magnitude from mdx
and control muscles [25]. Chronic administration of Dan-
trolene to mdx mice lowers their serum creatine kinase

activity [32].

The presented data indicate that there was a substantial
release in vitro predominantly of creatine kinase. Creatine
kinase release was significant from both types of muscles
in adult mdx animals. A lower CK release from skeletal
muscles of young mdx animals is also reported by others
[27]. A significant release of LDH from skeletal muscles
was also age-dependent, being present only at the top of
the activity of degeneration and regeneration processes.
The release of both enzymes was augmented especially
from mdx diaphragm, by agents provoking calcium accu-
mulation, less when calcium distribution changes were
induced. The former finding is contrary to the previously
reported [25]. The enzymes efflux was less pronounced in
young mdx animals than in the adults, as well as controls.

Blocking the calcium entry and/or improving its intracel-
lular distribution was more effective in reducing the
enzymes release in normals than in the mdx. In the latter,
the reaction was age-dependent, more effective in young
mdx animals, less in the mdx adults.

The degree of the enzymes efflux in young mdx animals
would indicate that an increase of muscle membrane per-
meability is not a primary pathogenic effect of dystrophin
deficiency in the muscle cells, as it is already suggested
[27]. The fact, however, that calcium ionophore, Dan-
trolene and Verampamil are acting on the enzymes efflux
in a different way as compared to normals even in young
animals, would indicate that subtle muscle membrane per-
meability changes are present already at the prenecrotic
stage of the disease.

Although there are several limitations in treating the mdx
mice as a true Duchenne dystrophy model we hope that
these observation may prove useful in developing new
means to normalize one of the characteristic dystrophy
symptoms evidenced as high enzymes release from the
dystrophic muscle cell.
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