EXPERIENTIA

Vol.34-Fasc. 12

Pag.1531-1672

15.12.1978

GENERALIA

Role of intracellular calcium in promoting muscle damage: a strategy for

controlling the dystrophic condition
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Summary. It is suggested that various muscle diseases and examples of experimentally-induced muscle damage
arise because of a high calcium level in the myoplasm. When [Ca?*], is raised experimentally in amphibian or
mammalian muscle by treatment with A23187 or caffeine, myofilament degradation follows quickly. Such a
rapid action suggests the involvement of a sequence of proteolytic activity that is stimulated by a rise in [Ca2*].
Ca?* might either trigger protease activity directly or indirectly, or promote the release of lysosomal enzymes. A
high {Ca?*]; in dystrophic muscle is believed to be the resultant of a sequence of events that is summarized in
the figure. Suggestions are presented for different ways in which the steady-state position of [Ca?*], might
ultimately be controlled for the clinical amelioration of some dystrophic conditions.

The role of Ca’* in the experimental induction of
muscle damage

There is now a substantial body of evidence that
shows that a marked rise in free intracellular Ca2*
({Ca’*]) in vertebrate skeletal muscle rapidly pro-
motes damage to the myofilaments. Application of
the divalent cation ionophore A23187 to frog skeletal
muscle causes major ultrastructural damage and myo-
filament degradation. These effects are produced
when extracellular Ca2t ([Ca2*]) is buffered at
5% 10-"M or when Ca?* is omitted from the saline. It
is believed that the ionophore acts primarily by
releasing Ca?+ from the sarcoplasmic reticulum (SR)
and the initial response of the muscle is the develop-
ment of tension. However, degradative action is rapid,
and widespread damage and dissolution of the myofi-
laments are evident 20 min after application of the
ionophore?. A23187 produces comparable damage in
mammalian muscle?; electron micrographs show in-
itially a marked swelling of the mitochondria and it is
believed that the mitochondria take up the excess
Ca?* released by the SR. After 40 min, however, the
mitochondria are shrunken and it is believed that they
have then released the accumulated Ca2* because of
overloading®, and myofilament degradation quickly
follows?.

Similarly, caffeine at concentrations above 5 mM was
shown to cause extensive ultrastructural damage to
the myofilaments of frog skeletal muscle. This action

occurred within 8 min. The effect was exacerbated at
lower temperatures, whereas the myofilaments were
protected by prior exposure to procaine’, It is suggest-
ed that caffeine promotes a Ca’*-induced release of
Ca?* (the CROC) from the SR. Mammalian diaph-
ragm muscle fibres are unaffected by exposure to
caffeine, but if the muscle is stimulated in the pres-
ence of this drug, the characteristic myofilament
dissolution follows rapidly and we conclude that in
these fibres the synergistic effect of the depolarized
release of Ca?* from the SR, together with the action
of caffeine in promoting a CROC, causes a marked
rise in [Ca?*} in the muscle fibres®. Preliminary
experiments also suggest that lindane is able to pro-
mote extensive damage in vertebrate skeletal muscle,
the effect being accompanied by a marked rise in
[Ca?*]; (Publicover et al.?).

The conclusion from these studies is that myofilament
degradation can be rapidly produced experimentally
by agents that serve to raise [Ca2+],.

The causative agent in experimentally-induced muscle
damage

The way in which a marked rise in [Ca?*], can
promote muscle damage is unknown at present, but
there are a number of ways in which this effect might
be produced, for example: a) Ca?*-activated pro-
teases have been isolated from mammalian muscles;
they are stimulated by Ca’+ concentrations in the
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range 1-10 mM, are free in the myoplasm and they
may have a role in the disassembly of intact myofi-
brils during the normal metabolic turnover in myofi-
brillar proteins®10. Other intracellular proteases have
been described!'-'* and it is possible that the marked
rise in [Ca?*}]; acts, directly or indirectly, to stimulate
these proteases of the myoplasm, so causing myofi-
lament degradation. b) The evidence suggests that
skeletal muscle contains few typical lysosomes and that
the lysosomes are part of the sarcotubular system!'.
Thus, a marked rise in [Ca?*]; may cause the release,
by an unidentified mechanism, of acid hydrolases
known to be present in the lysosomes system!® which
effect myofilament dissolution. Such an hypothesis is
supported by studies in which inhibitors of catheptic
enzymes can reduce the rate of protein degradation in
normal and dystrophic muscle!¢-18,

Once [Ca®*]; has risen to a sufficiently high level,
myofilament degradation follows more rapidly (with-
in 8 min)’ than would be expected in normal proteoly-
sis, suggesting that degradation may be a multi-step
process (cf. the cascade action of complement). Alter-
natively, degradation might be the result of the
disassembly of the polymers of the myofilaments,
rather than their proteolytic digestion.

[Ca**]; and proteases in myopathies

There is now a substantial body of evidence that
implicates a rise in [Ca?*], in mammalian skeletal and
cardiac muscle diseases!®, In particular, Ca?* levels
are raised in the nuclei in Duchenne muscular dystro-
phy (DMD) and the mitochondria undergo ultrastruc-
tural changes, probably associated with Ca?*-uptake,
in a variety of myopathies?®2!. Abnormality of mito-
chondrial function is reported in muscle from dys-
trophic chicken??. These organelles, therefore, ap-
parently attempt to assist in the regulation of the high
[Ca?*]., DMD patients exhibit hypercontracted
fibres®, indicative of a permanent rise in [Ca?+],. The
Ca?*-antagonist verapamil reduces cardiac necrosis in
dogs?. Thus, there are clear parallels with events
during the experimental induction of muscle dam-
age>s.

Evidence has also accumulated recently concerning
the involvement of protease activity in dystrophic
conditions. A significant increase in the level of a
muscle Ca?*-activated, neutral protease is reported in
DMD?; protein breakdown?® and an increase in the
specific activity of serine protease?” are reported in the
skeletal muscle of dystrophic mice; serine protease
levels are also increased in DMD and Becker-type
MD?, Finally, protease inhibitors such as leupeptin,
pepstatin and antipain have variously been reported
to reduce protein degradation in normal and dys-
trophic muscle'’, in cultured muscle cells’® and in
chickens with genetic dystrophy!®.
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In summary, therefore, the studies on the experimen-
tal induction of muscle degradation may well consti-
tute a useful model for a variety of myopathic condi-
tions.

The biochemical lesion in dystrophic muscle

It is evident that DMD is associated with a genera-
lized defect of the membranes not only of muscle?-32
but also of other tissues. Both erythrocytes and the
sarcolemma are altered in phospholipid composi-
tion®>% and erythrocytes have an altered molecular
organization, as shown by electron spin resonance
studies®** and saturation transfer electron paramag-
netic resonance spectroscopy*®. Concomitantly, there
are changes in the erythrocytes in the properties of the
acetylcholinesterase’’, Nat-K*-ATPase* !, glycolytic
enzymes* and protein kinase®, surface deformations*,
Na+ efflux*!, K+ efflux®, increased [Na*]*, survival?’,
increased microviscosity® and reduced deform-
ability®. Of particular significance is the elevation of
Ca?*-ATPase activity in DMD?, suggesting that the
cells are attempting to correct an elevated [Ca?*]; the
situation may be comparable to the elevated Na*-K+-
ATPase activity in erythrocytes in hereditary sphero-
cytosis where there is a rise in [Na~]; in response to an
increase in Na* permeability’!. Increasing Ca2+ entry,
by treatment of control erythrocytes with A23187,
duplicates many of the changes in membrane proper-
ties seen in DMD, an observation consistent with the
hypothesis that it is the change in Ca?*-permeability
that is of particular importance in this myopathy,

In muscle, the membrane alterations in DMD are not
confined to the sarcolemma; the Ca?*-uptake
mechanism of the SR is also impaired®. Similarly,
biochemical alterations are reported in the fragment-
ed SR from dystrophic mouse, chicken and human
muscle’*-%, including alterations in Ca®*-transport®”-%,
ATP hydrolysis®’->%% and phosphoenzyme forma-
tion57’59’6°.

Although Ca?t-fluxes have not been measured in
dystrophic muscle, it appears therefore that there is a
genetic generalized membrane defect in DMD which
results in a rise in net Ca?*-influx and an impaired
Ca’t-uptake by the SR causing, in turn, an elevated
steady-state position of [Ca?*]; in resting muscle.

Suggested sequence of events in Duchenne muscular
dystrophy

A rise in [Ca?*], above normal physiological levels in
frog skeletal muscle can cause a further Ca?+-induced
release of Ca’* from the SR (the CROC)®"%. The
effect is particularly evident at low [Mg?*], since
active Ca%* uptake by the SR is stimulated by Mg?+,
The demonstration of the control by external Ca’*+ of
Ca?*-efflux from rabbit SR vesicles®#% confirms that
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the CROC is also a feature of mammalian muscle.
[Ca%*], in normal frog muscle at rest ~2x 10-7 M; the
threshold [Ca?*], for contraction at excitation =~ 6-
9% 107 M; in a single twitch the myoplasmic concen-
tration rises to approximately 10° M; the CROC
operates when [Ca?*],~ 10-* M at physiological levels
of [Mg2+], (Endo®?).

Caffeine promotes the CROC>% and we have now
shown that exposure of frog skeletal muscle to caf-
feine rapidly causes myofilament degradation and
muscle damage?®. This positive feedback system of the
CROC, involving high levels of [Ca?+],, is probably of
little importance in normal muscle in vivo, but may
well be the mechanism by which an elevated [Ca2+]; in
dystrophic muscle, caused by the Ca?+ released from
the SR at excitation and associated with a raised
steady-state level of [Ca’*], is converted to a danger-
ously high level that, either directly or indirectly, can
cause the activation of the proteases. The CROC
could therefore be one of the key steps in a dramatic
rise in [Ca’?t]; and in the consequent induction of
muscle necrosis (figure). Such events would occur but
rarely in a muscle cell, and the rapid regeneration of
muscle fibres caused by administration of bupiva-
caine is initially readily reversible®®. However, rat
muscle becomes abnormal after a number of cycles of
degeneration and regeneration®’ and in DMD, the
long-term repetition of this sequence in individual
cells eventually causes the disappearance of the mus-
cle fibres and the infiltration of connective tissue and
fat.

The specific biochemical lesion probably differs in
various dystrophies (e.g. Na*-K+-ATPase is normal
in dystrophic mouse erythrocytes®) but it is suggested
that a common feature of many myopathies is an
elevated muscle [Ca’*]. It could be the result of an
elevated Ca’*-influx or reduced Ca’*-efflux at the
plasma membrane or impaired Ca?*-uptake at the
SR.

Control of muscle [Ca**]; for the amelioration of
Duchenne muscular dystrophy

If this hypothesis concerning the initial biochemical
defect and the sequence of events leading eventually
to the disappearance of the muscle cell is correct, the
development of suitable protease inhibitors or of drugs
promoting lysosomal stability might be fruitful lines
of study. However, the study of the factors controlling
[Ca*]; in the normal and diseased muscle cell, with
particular reference to the possibility of maintaining
[Ca®*]; below the levels that would activate the pro-
teases, may well be a profitable area of research for
the amelioration of certain myopathies. There are a
number of possible cellular sites that merit considera-
tion, particularly since the rise in [Ca’*]; to a critical
level is probably a multi-step process (see summary in
the figure).
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a) The plasma membrane. Since the initial genetic
lesion in some dystrophies probably causes an altera-
tion in Ca’*-fluxes across the plasma membrane, a
specific reduction in Ca2+-influx in the resting muscle
could well prove to be beneficial. The anti-arrhythmic
drug Verapamil, which reduces Ca?+-influx, can pre-
vent cardiac muscle necrosis in dystrophic hamsters®.
Cromoglycate is a clinical antiallergic drug that is
believed to act by interfering with Ca’*-transport
across the mast cell membrane. Similar drugs that are
effective by mouth (e.g. Doxantrazole, AH 7725) are
also available®® and might be an alternative way of
reducing Ca?*+-influx.

b) The sarcoplasmic reticulum. The CROC is specifi-
cally inhibited by procaine™ "2 and it is of interest that
this agent also protects against caffeine-induced dam-
age of the myofilaments’. The development of a
clinical drug that can act in this way might constitute
a major advance in the care of the dystrophic condi-
tion. The CROC is also sensitive to the level of
[Mg?+]; reducing free Mg2>* markedly lowers the
minimum Ca?* concentration that is effective in
inducing Ca?+ release in skinned muscle fibres®? and
from SR vesicles®. Mg?* accelerates the rate of
phosphorylation of the Ca?*-ATPase of the Ca?+-
uptake mechanism of the SR™. It may therefore be
important that [Mg2*], in the skeletal muscle of
dystrophic patients is not allowed to fall, so as to
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To illustrate: 1. The interacting factors that determine the steady-
state position of [Ca2*); in mammalian skeletal muscle®?, 2, The
suggested sequence of events leading to myofilament dissolution
and 3. The possible sites of action of drugs that may modify the
system. Thus, at rest {Ca2*]; is determined by Ca?*-fluxes across
the sarcolemma and by Ca2* -uptake by the SR and mitochondria.
Cyclic AMP probably modulates Ca“-uptake by the mammalian
SR (d)*"38. It is suggested that in DMD the significant, genetic
lesion is at the Ca2*-channels (P¢,) of the muscle plasma mem-
brane (a), so that Ca?+-influx is increased, but Ca2+-uptake by the
SR may also be impaired®>. As a consequence [Ca2*t]; rises in
DMD and the muscle attempts to correct the position by storage of
Ca?* in the nucleus (b)2° and mitochondria (c)*. Ca?* is released
from the SR at excitation and, in DMD, [Ca?* }; may then be raised
to a level sufficient to promote a CROC62, so increasing [Ca2*]; to
a concentration where myofilament dissolution quickly follows.
Caff, caffeine; DaNa, Dantrolene sodium; Dox, Doxantrazole;
DSCG, Disodium cromoglycate; Nuc, nucleus; Proc, procaine;
Verap, Verapamil.
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afford protection against the development of a
CROC. There are various reports of myocardial
lesions in mammals depleted of Mg?* in early life and
it is noteworthy that the deposition of calcium salts on
the myofibrillar matrix and in the mitochondria is a
distinctive feature of such lesions™. Experimental
Mg?+-deficiency in the rat causes a rise in total Ca*+
in red and white skeletal muscle, although the effect is
most significant in cardiac muscle’.

Dantrolene has been used clinically in the treatment
of spasticity’»”” and its major action is the inhibition
of calcium release from the SR at excitation’", as
distinct from the CROC. Limited use of this drug in
dystrophic muscle might allow contraction to proceed,
whilst reducing the release of excess Ca?*. Levels of
[Ca?*), at rest are probably high in DMD, so that a
reduction in the stimulated release of Ca?+ would be
adequate for contraction, whilst reducing the risk of a
Ca?*-induced release of Ca?* from the SR.

¢) Cyclic nucleotides. Tt is now clear that the cyclic
nucleotides have a major role in the control of [Ca?*];
in many cells®. Cyclic AMP can act in a variety of
ways. It can stimulate the mechanisms responsible for
removing Ca?*, or it can increase the influx of
extracellular or the release of intracellular Ca?+. Its
action on Ca?*-pumps has been described in cardiac
muscle, where cAMP promotes Ca?*-ATPase activi-
ty?! and uptake of Ca?*+ by the SR* by stimulating a
protein kinase which phosphorylates a component of
the SR¥. Phosphorylation stimulates Ca?*-uptake®. A
similar mechanism may exist in smooth muscle where
cAMP has been reported to stimulate the uptake of
Ca?* into various microsomal fractions®. Cyclic AMP
is also believed to stimulate the Ca’t-pump of the
plasma membrane of both smooth and cardiac mus-
cle®, In both tissues, stimulation of the f-receptors is
also believed to modify cAMP levels® and it is
significant that the action of the sympathomimetic
amine isoproterenol in causing myocardial necrosis is
believed to involve rises in [Ca?+]; (Nirdlinger®). The
ways in which cyclic nucleotides might interact in
regulating Ca?*-fluxes in skeletal muscle is less well
known, but cAMP stimulates Ca?*-uptake into the SR
from cat and rabbit muscle?” 8. Since intracellular
levels of cyclic nucleotides can be raised by the use of
phosphodiesterase inhibitors, this aspect of the regula-

tion of [Ca?t]; might be of importance and, even if"

cyclic nucleotides prove to have only a limited role in
regulating [Ca?*];, in skeletal muscle, these ex-
periments suggest that they could probably be used in
the protection of cardiac muscle from necrosis.

d) Changes in extracellular Ca’*. Passive entry of
Ca?* is related to [Ca?*],, and dystrophic hamsters
placed on a Ca?+-deficient diet have a reduced serum
Ca?* and show a reduction in the frequency and
severity of necrosis in heart and skeletal muscle®.
Furthermore, hereditary chicken muscular dystrophy
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(which has been considered as a model for human
dystrophic diseases) responds favourably to penicilla-
mine, the earlier the administration, the more favour-
able the response®. The chelating properties of this
drug may be acting to produce an effect similar to
that of a Ca?*-deficient diet!®. Clearly, the effects of
maintaining clinically the serum free-Ca®* at levels
towards the lowest permissible would repay study.
This suggestion may be important since serum. Ca*
has been shown to be elevated in children suffering
from muscular dystrophy (p<0.001) Whereas serum
Na+* and K+ were normal®?,

1t is, therefore, suggested that one strategy for amelio-
rating the effects of some dystrophic conditions is
dependent on a detailed understanding of the in-
teracting factors controlling [Ca?*], in the normal
skeletal muscle cell. In summary, Ca?* is released
from the SR at excitation and, in normal muscle,
[Ca?*] rises from about 10-7 M to 10-> M. In dys-
trophic muscle the higher steady-state position of
[Ca’*], probably causes [Ca?*]; to rise to an abnormal-
ly high level when stimulated, which occasionally
(perhaps when [Ca’?*]; ~10-* M) may trigger a
CROC by positive feedback, so that [Ca?*]; briefly
rises further to a concentration that is sufficient to
stimulate proteolytic destruction. There have been
suggestions that the ultimate disappearance of muscle
fibres in DMD is due to the long-term repetition of
the degenerative-regenerative cycle®. Thus, modest
improvements in the control of [Ca?*], which might
be achieved by a combination of some of the different
treatments suggested above, may produce a substan-
tial improvement in delaying the onset of permanent
subcellular damage.
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