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Summary Dystrophin is a lage protein (427 kD) that links the
cytoskeleton to a comple of proteins in the sudce

1. Duchenne muscular dystrophis a lethal, memprane of muscle fibres, which in turn interact with the
degeneratie muscle disease caused by a genetic mutatioyiracellular matrix. The mdx mouse, an animal model of

which leads to complete absence of tiosieletal protein  pyp, also has a genetic mutation resulting in the loss of

dystrophin in muscle fibres. . dystrophin, although for reasons not entirely understood it
2. The present rgew provides an werview of Some a5 g relatiely mild phenotype compared to initiuals
of the plysiological pathways that might contribute toith DMD.2 Over the past 15-20 years, timelxmouse has
muscle damage and degeneration in DMD, based primarfen widely used to vestigate the mechanisms that cause
on experimental findings in thendx mouse, an animal gystrophic muscles to be more vulnerable to damage and
model of this disease. . degeneration. Thendxmouse also has &k role in testing
3. Arise in intracellular calcium is widely thought to possible therapeutic interventions, which are aimed at
be an important initiating vent in the dystrophlc slowing the progression of, or pmnting, this disease.
pathogenesis. Thepathvay(s) leading to increased gyisting studies suggest that multiple factors conteito
intracellular calcium in dystrophin deficient muscle arg, scle damage in dystrophic musclEhe purpose of this

uncertain bt recent work from our laboratory pides reyigy is to present some of the physiological pathways that
evidence that stretch-agéted channels (SBs) are an might be ivolved in dystrophic muscle disease, with a

important source of the calcium influxOther possible particular focus on the effects of calcium tQaand

routes of calcium entry are also discussed. ~ reactive akygen species @S). A further aim is to try to
4. The consequences of eed cytosolic calcium ggtaplish hey some of these damage patiys might

may include acwiation of proteases, such as calpain, anghieract, in an déért to provide a broader understanding of
increased production of reagi xygen species @S), ihe dystrophic pathogenesis.

which can cause protein and membrane damage.

5. Another possible cause of damage in dystrophiatracellular Ca?* in dystrophic muscle
muscle iwvolves inflammatory pathays such as those
mediated by neutrophils, macrophages and associated Early _rese_arcﬁsh(wed that the total Cameasured
cytokines. Thereis recent eidence that increasedds N muscle biopsies from DMD patients was greater than that
might be important in both the agiion and damage from normal muscle.While the general consensus from a

caused by this inflammatory pathwayniixmuscle. number of studies is that the free intracellular?*Ca
concentration ([Cﬁ]i) is dso higher in muscle fibres from
Introduction mdx mice compared to that measured in wild-type fibres,

] . other papers ha& reported no significant rise in [é&a
The muscular dystrophies are a collection o(seé,s for recent reiews). A possible reason whsome
degeneratie reuromuscular diseases. The most COMMQRyestigators do not find eleted [C&*]. in mdx muscle
. . I
and deastating form of muscular dystrophis Duchenne a3y pe partly due to methodological differences between
muscular dystroph(DMD), which affects 1 inwery 3500  the various studies, particularly relating to the fluorescent
male b|r'Fhs. DMD is characterised _ by _progressi ingicators used to measure fa and the preious
degeneration of skeletal muscle and an inabiboer time,  oniractile activity and age of the célidlso, for a period
of the muscle to adequately repair itself, so that health time, C&* entering the fibre can befettively taken up

muscle is gradually replaced by fat and conmectssue. y the mitochondria and sarcoplasmic reticulum (SR), and
This causes profound muscle weakness, such tfetied i has been stvan that the C&# concentration in the SR is
individuals are often wheelchaiound by the age of 10-12, greater in mdx myotubes than in normal myotubks.

and usually die of respiratory and/or cardi@iure by Fyrthermore, it has also been reported that thé'JCa the
about the age of 20Despite &tensive research into the ¢ psarcolemmal space is about 3 times greatemdn
genetic and cellular mechanisms underlying DMDyscle8 Thus, taking all of these obsations into
currently there are no effeeti reatments for this disease. account, there is strong evidence to suggest thdt Ca
It has been known forver a decade that DMD is pomeostasis is disturbed in dystrophic muscles. The ne
caused by an X-chromosome gene mutation resulting in t8:tions will discuss possible ysological pathways of
absence of the protein dystrophin inelstal muscleé. 2+ entry and ha Ca?* might contribute to dystrophic
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muscle damage. lon Channels

Ca?* entry pathways. Membranetearsor ion channels? Since maw ion channels are structurally liet to
) ) membrane-bound proteins, it has been hypothesized that the

Over the past 15 years or so,otwain theories h&  gistribution and/or function of such channels might be
been proposed as to wkhe absence of dystrophin causegiered in dystrophic muscleOf particular interest are
muscles t.o be partlcularly_ susceptible to .damage aftbse channels that aloCa2* entry into muscle fibres.
degeneratiofi. (1) Dystrophin may hz & important geinhardt and colleaguesvieareported the presence of a
structural role in maintaining the integrity of the musclgs2+ |eak channel, which has been simoto be more acte
fibre. membrane during contraction, particularly thosg, mdx muscle, and thus might pride a source of CGa
involving stretch. Thus, it is suggested that in the absengﬁtry into the fibré2 This channel was found to Ve
of dystrophin, stretched contractions lead to membrapg,nerties consistent with it being a store-operated ctannel
teqrs@o (2) Dystrophin may be iolved in the agggetion  4nq interestinglyits activity was enhanced by the L-type
of ion channels in the membrane and its absence may |@§+ channel block, nifedipine, but blocked by the an
to abnormal channel fu”Ct_'é'l'-. According to both anaj0gue of nifedipine, known as AN 1043 Contractile
hypotheses, there auld be a rise in [C%]_i’ a sibsequent ctiity was found to increase the aity of these leak
loss  of Qé’ﬁ homeostasis and the aetion of various cnhannels in dystrophic muscle while leupeptin, an inhibitor
degradatie pathways (discussed belg, which lead 10 f the protease calpain, could yest the influx of C&*
muscle fibre necrosis. through these channéts.Based on these findings, itag/
hypothesized that previous contractile wtyi leads to
transient membrane tears and localized influxes &f,Ca

It is well established that dystrophic muscles not onlWhiCh initiates the insertion of leak channels into the
lack dystrophin but also ke geatly reduced lels of Membraneyia an eocytotic pathvay. The eleated C&*
mary other dystrophin-associated membran&lso actiates proteases, such as calpain, which are required
glycoprotein§;2 Furthermore, sommdxfibres from older to actvate the leak channels. Opening of the leak channels
mice hae been shown to e @normal architecture, with leads to a persistent influx of €aand a self-perpetuating
fibre splitting and branchintf. Thus, mag investigators damage pathway then operates.
have postulated that these factors render the amerf At about the same time as the digay of the C&"
membrane of dystrophic fiores more susceptible to streséegk channel in dystrophic muscle, the presence of a
imposed during contractions, particularly thosgoiving Mmechanosensite ation channel was reportétiwhich had
stretcht?13-15According to this theorytransient membrane @ greater open probability imdx muscle fibres when the
tears deelop, thereby allowing extracellular &€ao rapidly membrane s stretched by suction from a patch pipette.

enter the fibre along its electrochemical gradi¢towever, Importantly the increase in activity of these
although this is a plausible thepris there ag direct mechanosensite dhannels \as evident from muscle fibres

experimental evidence to support it? of youngmdxmice, before ansigns of muscle damage and
While there is ample data shimg that muscles from nhecrosis?® suggesting it could be a primary source of‘Ca
mdxmice hae increased membrane permeahilidg iown entry in dystrophic muscleln addition, the occurrence of
by large plasma concentrations of muscle-specific enzymi&ese channels was also greateimidx fibres, suggesting
such as creatine kinase (CK) and greater w@ptak there might be an increased density of these channels in the
membrane impermeable dyes into dystrophic muscféembrang’?® Recent research carried out in our
fibres1®-18this, in itself, does not support the idea that thedgboratory has focused on the role of these
movements are due to mechanical tears in the sarcolemrigechanosensite o stretch-acwated channels (S8s) in
Unfortunately there are only a ¥ studies that heae dystrophic muscle damagén single muscle fibres from
attempted to address the issue of the mechanical strengttingékmice, it has been found that a significant component of
the dystrophic muscle fibre membrane. While th#he force reduction and the rise of intracellular Maused
membrane stiffness ofidxmyotubes was found to be aboutby a series of stretched (eccentric) contractions can be
four times less than that of normal myotubtsyo earlier prevented by two known SAC blockers, gadolinium and
studies reported little or no &ifence in the tensile strengthstreptomycirt® In a more recent series ofperiments’ it
of the sarcolemma of muscle fibres fromdx mice Was found that the rise in [, following stretched
compared to wild-type, as assessed by measuring gmntractions ofmdx fibres could also be prented by
suction required to urst membrane patch&s?® Thus, it gadolinium, streptomycin and a we spider ‘enom
appears that while dystrophin is important for maintainingSMTx4, the most potent and specific inhibitor of SACs yet
membrane stiffness, perhaps due to structural connectidéentified3! This study also showed a significant reduction
between the ytoskeleton, membrane and thatmcellular in muscle damage, assessed histologicatlymdx mice
matrix, the intrinsic strength of the sarcolemma seems to g&en sreptomycin orally wer two weeks. Ina sries of

a property of the lipid bilayerwhich is not affected by the experiments currently in progress (Whitehead, Streamer &
absence of dystrophfi. Allen, unpublished obseations) we hae found that

following stretched contractions of intaodxmuscles, the
uptale into muscle fibres of a membrane-impermeable

Membrane tears
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fluorescent dye, procion orange,asv relatrely small which is intriguing in light of the fact that thevis of
immediately after the contractionsitbincreased gradually TNFa are enhanced imdx muscle3® A final point of
over the following hour or so.Moreover, the number of interest is that aeolin-3 interacts with3-dystroglycan, to
fibres containing procion orangeaw greatly reduced when which dystrophin normally binds, and is thought to compete
muscles were bathed in streptomycin or GsMTx4 prior twith dystrophin for this binding sit€. Therefore, the
and after the stretched contractiori&ken together these interactions between dystrophin, its associated membrane-
findings support the hypothesis that the primary source bbéund glycoprotein complex, andwvealin-3, are lilely to
C&* entry in dystrophic muscle is through SACs and ndie critically important in thexg@ression and function of ion
via transient mechanical tears, and that the influx &f Cachannels, such as TRPC1.

though these channels contibs to the increased ) ) )

membrane permeability following stretched contractions &f@¢ium and muscle damagein dystrophic muscle

mdx muscle. Of course, once the membrane_ becomelgro,[eases

permeable, more €a can then enter the fibre and

potentially actate the C&" leak channel, as discussed It has been postulated for manyears that
earliet thereby providing an additional route forantry. calcium—actiated proteases are vimlved in protein

In a recent clinical trial, the antiobiotic gentamicin,d@radation and subsequent necrosis of dystrophic
which, like dreptomycin, also blocks SACs, a® muscle?? Paticular attention has beervgn to the calcium-
administered to DMD patients to suppress nonsenggetivated cysteine protease, calpain, which is vknoto
mutations in the dystrophin geffe. Interestingly while  degrade a wide range of skeletal muscle proteins, including
there was no detectable dystrophkpression following 2 some cytoskeletal and membrane protéhfs.
weeks of treatment, all 4 patients slea a reduction in Calpain actiity has been shown to be greater in
serum CK lgels. Theauthors speculated that this resultnuscles frommdx mice than wild-type mic® and it has
was due to altered adtity levels during the trial, h@ever  been reported that the increased calpain activitynix
an alternate hypothesis is that gentamicin BdclSACS mice occurs during periods of both musclegeteeration
and reduced CK release from muscles, as outlined earlierand rgeneratiorf* When the calpain inhibitpdeupeptin,

In a recent paperexperimental findings suggestedwas injected intramuscularly for 30 days, muscle
that the canonical transient receptor potential channeldggeneration and necrosis was reducechix muscles by
(TRPC1) forms the stretch-aaited cation channel in up to 50%* Using a different experimental approd€tan
vertebrate cell$2 This discoery opens up the possibility mdx transgenic mouse was \@pped to w@erexpress
of utilising more moleculabased techniques to identify calpastatin, an endogenous calpain inhibitorwas found
these channels and to vestigate their function in that the calpastatin transgenic mice hadeie necrotic
dystrophic muscles.Interestingly there is already some muscle fibres and had less regenerated fibres, indicating a
evidence that TRPC1, 4 and 6 are present in theduction in accumulated muscle damage,wever
sarcolemma of skeletal muscle fibres and that repressionn@émbrane permeability was unaffected.

TRPC1 and 4 in mdx muscle, using antisense

oligonucleotides, greatly diminished the wityi of Ca* Reactive Oxygen Species (ROS)

channels, which had electropiological properties
consistent with both store-operated channels and $ACs.

There are a number of independempearimental
findings, which might explain wh SACs (TRPC1) are
overexpressed irmmdx muscle and wy these channels are
more prone to opening during stretchirstly, caveolin-3,
the main protein component ofvealae in skletal muscle,
is known to be werexpressed iimdxmice and displays an
irregular membrane distriltion3* Since caeolin-1, which
has a similar werall structure to ocaeolin-3,° is knovn to
bind TRPC1 in smooth muscle céfishis could mean that
by having increased weeolin-3 expression in dystrophic
muscle, TRPC1 expression might also be gredterfact,
there is a suggestion froméeatern blots that TRPC1lvigs
are increased irmdx muscle compared to wild-tygé€,
although this point as not specifically raised by the
authors of this paperFurthermore, recent work from our
laboratory has shown that TRPClvdis are greater in
cardiac muscle from olchdxmice compared to wild-type

ROS have been proposed, ver mary years, as
possible mediators of dystrophic muscle damage. Much of
the work on the effects of ROS andx muscle has been
carried out by Rando and colleague$his group has
provided evidence thaidx muscle is more susceptible to
ROS-induced damadéand that the increased production of
ROS causes lipid peroxidation in the period preceding an
necrosis inmdx mice®® This finding suggests thatas
might be iwvolved as a primary rather than secondary cause
of degeneration. Thishypothesis is supported by dwn
vivo studies, which showed signs of reduced muscle
damage iimdxmice gven antioxidants deried from green
tee® or fed a lov iron diet, which reduces the production of
hydroxyl radicals® Although preious clinical trials hae
shavn no significant therapeutic fe€t of certain
antioxidants on DMD muscléd;>? these studies were
carried out on some patients already ugdigrg muscle
degeneration, which may ke limited their efectiveness.

(Williams & Allen, unpublished obseations). Inrelation Also, dependmg on the type(s) c.)f ROS produced by
dystrophic muscles, some antioxidants may be more

to this idea, it has recently been wimoin endothelial cells flective han others in prenting oxidatve camage.

that TRPC1 expression can be increased by the pl%— : o .
inflammatory cytokine, tumour necrosiactor (TNFx),37 An important question is to elucidate the cause(s) of
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the increased ROS production in dystrophic mustiés  well as having their own deleterious effects on the mi#cle.
known that abnormal uptakof Ca2* by mitochondria can This idea is supported by a recent paper which reported that
result in greater production of 85354 This is a lilely ~mdxmice injected with an anti-TNFantibody Remicade,
source of ROS in dystrophic muscle vagi that displayed less muscle necrosis and reduced inflammatory
mitochondrial oxidatie phosphorylation was shown to becell infiltration than controindxmice®3 Inflammatory cells
impaired inmdxmice, and this was postulated to be due teuch as neutrophils and macrophages can also produce
mitochondrial C& overload® This idea is also ROS, and it is thought that nitric oxide (NO) can\szme
strengthened by x@eriments showing that an eied ROS produced by imflammatory celfé. In mdx muscle
intracellular C&" in normal skeletal muscle leads tonNOS is denregulated leading to a reduction in NGrdis
increased membrane permeabijlityhich could be most and therefore creating a situation where damage caused by
effectively prevented by deferoxamine, an iron chelator thaROS may be greater The significance of the reduced NO
stops the production of the highly reaeti hydroxyl levels in dystrophic muscle is highlighted by a study in
radicals®® This study also shweed that blocking calcium- which the upregulation of NO in muscles raflx mice, by
dependent phospholipase A2 (P)Aactivation also using a NOS transgene, resulted in significant reductions in
prevented some of the increased membrane permeabilitpuscle damage, infiltrating inflammatory cells and plasma
Interestingly PLA , activity in muscles from DMD patients CK levels 55

has been shown to be significantly greater than that )

measured in normal musci&s. PLA, might partially vork Conclusion

in conjunction with ROS in causing increased membrane
permeability in dystrophic muscle, since there is SOme o+
evidence that PLAis very efective & removing oxidized
fatty acids from isolated lipososm#s.

ROS havealso been implicated in the pagsgretch-
induced actiation of the transcriptionafctor NF-kB, in
mdxmuscle, since NkB activation could be preented by
the antioxidant MC.38 The role of NF«B in dystrophic
muscle damage will be discussed in thextnsection.
Interestingly the SAC blocker, gadolinium, was not ery
effective & preventing the actiation of NF«B,38 although a
recent study suggests that both?Cantry through S&s
and increased ®S production contribute to NEB
activation following stretch of fibroblast celfS.
Nevertheless, this raises the possibility that there is also
Ca&*-independent production of ROSrimdxmuscle, which
is enhanced during pasgsi dretch of the muscle.One
possibility might be MDPH-oxidase, which is known to
rapidly produce RS, within one minute, duringyclic
stretch of smooth muscle cefs. It has been recently
reported that in skeletal muscle, theADPH-oxidase Acknowledgements
sulunits are located in close proximity to the sarcolemma
of muscle fibre§! Thus, it is tempting to speculate that if We would like to hank the National Health &
this enzyme compleis smehav regulated by dystrophin, Medical Research Council and Australian Research Council
its associated membrane proteins, or othgoskeletal for providing financial supportNW holds a Rolf Edgr
structures, then its function may be altered in dystrophicke Fellowship from the Bculty of Medicine, Uniersity
muscle, and ROS production could be increase@f Sydng. EY receves support from Internal Competie
particularly during stretch. This possibilityvaits further Research Grants (A-PE65 & A-PF31) from Hongnl§
experimental findings. Polytechnic Uniersity.

It has been postulated for nyagears that a loss of
homeostasis is a significant factor in dystrophic
muscle dgeneration. Thisreview provides some ne
experimental eidence that the primary route of €antry

in mdxmuscle occurwia ion channels, particularly S2s,
rather than through transient mechanical membrane tears.
It is proposed that one important consequence of the
increased [CH], is an enhanced production of ROS, which
can cause muscle damage through dirdecef on muscle
fibre proteins and the membrane, as well as through the
activation of inflammatory patheys. Thisis outlined
schematically in Fig 1.While this review has focused
mainly on the role of G4 and ROS in dystrophic muscle
degeneration, it is clear that there are likely be other
p%/siological pathways, which also contribute to the
damage process.Therefore, it is important that wn
proposed pharmacological treatments for DMD need to
account for the multifactorial nature of thisgéeeratie
muscle disease.
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