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Summary the limb muscles ofmdx mice at 3-4 weeks of age, the

) muscles regenerate extremely well. &ctf despite ongoing
1. Duchenne muscular dystropkDMD) is a seere  cycles of (less sere) degeneration and generation
disease of sietal muscle, characterised by an X80k {hroughout adulthood, the musclesndixmice are actually
recessie inheritance and a lack of dystrophin in mUSCkﬁypertrophied compared to wild type mice. vidwer,
fibres. Itis associated with progregsiand se&ere wasting despite their lager size thg are comparatiely wealer,
and weakness of nearly all muscles, and premature deathdiyre their maximum force output per muscle cross-

cardiorespiratory failure. sectional area is usually lower.
2. Studies iwmestigating the susceptibility of

dystrophic skletal muscles to contraction-mediatedDystrophin and the costamere

damage, especially after lengthening actions where o o

activated muscles are stretched forcjbhave concluded Dystrophin links actin in theytosleleton through the
that dystrophin may confer protection to muscle fibres gjansmembrane  dystrophin-associated  glycoprotein
providing a mechanical link between the contractil€OMPplex (or dystrophin-glycoprotein complex, DGC) to
apparatus and the plasma membraite.the absence of laminin in the xtracellulgr matrix (ECM?. The DGC and
dystrophin, there is disruption to normal force transmissidifner gtosleletal proteins form rib-li lattices on the

and greater stress placed upon myofibrillar and membrapdoplasmic face of the sarcolemma, called costameres.
proteins, leading to muscle damage. Costameres help stabilise thgaskeleton to the ECM; the

3. Contraction protocols (ilving activation and act as mechanical couplers to distribute contractile forces
stretch of isolated muscles or muscle fibresyehteen from the sarcomere through to the sarcolemma and basal

developed to assess the relaisisceptibility of dystrophic lamina; anq the help facilitate uniform. sarcomere length
(and otherwise healy muscles to contraction-inducedPetween fibres, at rest and during contrac’cPdﬁ.
injury. These protocols lva been used successfully toDystrophin has also been found at the myotendinous
determine the rela dficag of different (gene, cell, or junction aqd has therefore been postulated to play a role in
pharmacological) interventions designed to ameliorate Bp€ transmission of force to tenddds?

cure the dystrophic pathologylore research is needed to The precise functional role of dystrophin and the
develop specific ‘contraction assays’ that will assist in th®GC has not been described defiy, but it has been
evduation of the clinical significance of @ifent postulated that its primary role is to anchor the sarcolemma

therapeutic strategies for muscular dystgoph to costameres and thus stabilize the sarcolemnainstg
physical forces transduced through costameres during
Duchenne muscular dystrophy and the mdx mouse muscle contraction, most especially when muscles are

i activated and stretched forciblySuch muscle lengthening

Duchenne muscular dystropliDMD) is a seere X ctions usually occur when muscles act as éwafuring
chromosome-linéd myopati caused by a ariety of ggying movements (e.g. when running downhill), andythe
mutations and deletions in the dystrophin gehdn the 5o commonly referred to as ‘eccentric’ or ‘pliometric’
absence of dystrophin expression, theletal muscles of -qniractiond415
boys with DMD undergo continuous cycles ofgeé@eration In addition to its membrane stabilising role, the DGC
and insufficient regeneration that leads to progvessiis postulated to play a role in thegedation of intracellular
muscle wasting and weaknesBaients are confined t0 cqicium, molecular signalling, and in signal transduction,
wheelchairs by their early teens and die of respiratory @[ich as neuronal nitric oxide synthase (nNOS)-mediated
heart failure by their early twenti€sThe mdx mouse, a regulation of blood flw to contracting muscle¥ For the
commonly used animal model for DMD, carriesamutatioBurpose of this sgew | will limit my discussion to
in the dystrophin gene and lacks the vaalfirotein similar dystrophins mle in protecting muscle fibres aigst
to the human condition, ub exhibits a more benign oniraction-induced injury.
pathological phenotype. The diaphragm musclesndk
mice shav progressie dructural and functional Evidencefor afunctional role of dystrophin
deterioration consistent with DMD, whereas limb muscles

exhibit a relatvely mild pathology for much of the life Contraction-induced injury is associated with a
span®” Despite an early period of s&e degeneration in mechanical disruption of sarcomeres that are stretched
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excessvely. Whether dystrophin helps maintain sarcomertherapies such as injection of viruses carrying full-length
stability is not knan, but there are seral lines of dystrophin or microdystrophirf8:3° DelloRusso and
evidence supporting a functional role of dystrophin ircolleaguedt developed an assay based on the high
skeletal muscle fibres, including: increased susceptibility wusceptibility to injury of limb muscles imdxmice for use
osmotic stres$1® increased permeability of thein evaluating such therapeutic intemtions. Theassay
sarcolemma inmdx mice indicated by increased serumnvolved two dretches of maximally actited tibialis
concentrations of muscle enzymes (e.g. creatine kinasajterior (TA) muscleén situ. The stretches of 40% strain
and eleated intracellular C& concentratiot? An uptale relatve © muscle fibre length were initiated once peak
of Evans blue dye (EBD) by fibres in quiescent muscles @fometric force was attaineddamage (injury) was assessed
mdx but not control mice, provides further support for amne minute later by the deficit in isometric force. yhe
increased permeability of the sarcolemma of fibres lackiffgund that the force deficits were fetwn seven-fold higher
dystrophin?® Furthermore, whemndx and wild type mice for muscles ofmdxcompared with control mice. Such an
are subjected to downhill runningxeecise, there is in situlengthening contraction protocol was used to assess
extensive BBD uptale in muscle fibres ofndxbut not wild  whether intramuscular injection of gutted adéred
type mice, indicating increased sarcolemmal fragility andectors expressing full-length dystrophin inté Tuscles
permeability in the absence of dystropHin. of mdx mice could confer protection from contraction-
mediated injury The force deficit after each of the dw
stretches was used to determine the muscle resistance to
injury. Despite a relate inefficieny of the intramuscular
injection delvery leading to only 25% of the muscle cross-
sectional area being transduced, thigelleof dystrophin
expression conferred am0% correction of the functional
difference between musclesmtixand wild type micé?

More recently Consolino and BrookSexamined the
dsusceptibility to sarcomere injury induced by single
stretches of maximally aetited muscles ofmdx mice.
Single stretch protocols are lesslikto result in fatigue or

Intact Muscles

A number of diferent contraction protocdtd?-26
have cemonstrated that skeletal musclesmfxmice hae a
greater susceptibility to injurparticularly when maximally
activated muscles are stretchetlvhether whole muscles
are studiedn vitro, in situ, or in vivo, the oserwhelming
evidence indicates that intact skeletal muscles of addk
mice shav a greater susceptibility to contraction-induce
injury than muscles of control micelnterestingly the

muscles of very young (9-12 day olaijdxmouse pups are . )
relatively resistant to injury from acute mechanical injuryder’Ietlon of energy storesadtors that can complicate the

suggesting that the early onset of the dystrophic procéggchgnistic interpretation of mqscle injury after protocols
might be independent of a mechanical perturbation to t yolving mary repeated contractions. In this géat study

sarcolemma?® The fav reports that muscles of aduttdx the authors hypothesised that on the basis that muscles of

and control mice do not differ in their susceptibility tomdxmlce would be more susceptible to injusyetches of

contraction-induced injury imlved protocols  with lesser strains would be expected to cause more damage (i.e.

hundreds of these lengthening actih® These arduous €2YS€ @ greater forc;a deficit) to m“SC'ef‘.“‘."k compared
protocols may hae poduced such sere damage to with wild type mice3® In fast extensor digitorum longus

muscles in bothmdx and control mice that tlyedid not (EDL) muscles of wild type mice, single stretches of 30%
discriminate the differences between the two strain were necessary to cause a significant deficit in
It should be noted that the majority of these Studié’gometric force, whereas imdx mice, single stretches of
have ot reported the sarcomere length range or thme only 20% strain caused significant loss of force producing
of the length tension cuevover which the damaging capacity After stretches of 30, 40, and 50% strain, force

contractions occurred. This is important since recent stud@gficits were two- to three_— fo'f' greater .for EDL mqscles of
have indicated that this is a major determinant of tie et mdx than for. wild type micé: Ir_1terest|ngly_ analysis of
of damage in normal musclés. Whether the optimum dye uptak into muscles follwing the single stretch

length of a muscle corresponds to the same joint angle%OtOCOIS reealed no membrane damage. Th?. au@hors
normal and dystrophic muscles has not been descrilmed_concluded that on the basis of greater force deficits, in the

examining the relatie wsceptibility of normal and absence of fatigue, depletion of energy stores, or significant

dystrophic muscles to contraction-mediated damag ,embrane damage, the fdinces in the force deficits

experiments conductedver the same joint angle, the same r]?rg_ S|ngtlg st;etct?]es vlﬁeretdu? tofetn]:ar}ces n them;:.nt
part of the length-tension clweVrelatve o optimum), or ? |strup |on_tt.0 f utras ruc_tlrJ]re ° bot:;e—genera Ing or
the same range of sarcomere lengths, amsthw of orce-transmitting structures within or between sarcomeres,

consideration and would provide interesting informa'[iof'ilnd that in addition to a compromised membrane, the lack

about the dierences and similarities between normal angl dystrophin in EDL muscles aidx r;uce results in a
dystrophic muscles. mechanically compromisedy/ioskeletor?® These findings

Studies hee recently focused on deoping support a role for the DGC in the maintenance of the

contraction-induced injury ‘assays’, with some eryjig ;trulctgral ?ttﬁb'“ty. Olf sarcomerttas d and ther:_ce V‘:ﬁt St
as fav as two lengthening contractions, to fdifentiate involving erther singie or repeated contractions that are

between the injury susceptibilty of muscles fronnnocuous for muscles in control animals may be injurious

: : : : dystrophic muscles®® However, it should be noted that
h I lly af
dystrophic and wild type mice, especially after gent e precise mechanism for the proteetiole of the DGC
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remains elusie. Other contributing mechanisms to the losto contraction-mediated damage could also disrupt normal
of force transmission after damage, including alterations @xcitation-contraction coupling, and thus subsequently
excitation-contraction coupling, cannot be ruled Hut. affect (post-stretch) force generation.

Single Fibres
A
Similar studies h&e investigated the susceptibility of

dystrophic muscle to contraction-induced injury at the
cellular (single fibre beel) using membrane permeabilized
and intact single muscle fibre preparatioréeung and
colleague® reported that single (flexor brevis) muscle
fibres from mdx mice were more susceptible to stretch-
induced damage and showed an associated rise in”
intracellular sodium concentration thatsvgreater than in
wild type mice. Each muscle fibre was subjected to 10
isometric tetani follawed by 10 eccentric tetani of 40%
strain relatte © muscle length. Fdlowing the stretch- 032_|
induced injury protocol, isometric force decreasedi34%
of the control in fibres from wild type mice and@@3% in
fibres frommdxmice3®

Chemical permeabilization of muscle fibres disrupts
the integrity of the sarcolemma veeely3® In a study
comparing the susceptibility of muscle fibres frordxand
wild type mice to contraction-induced injurizynch and
colleague¥’ proposed that since the igtéty of membranes
of muscle fibres froommdx and control mice would be
compromised equally any protection conferred by
dystrophin and the DGC to intact fibres from muscles ¢ B
wild type mice would be eliminated, and thus the
susceptibility to contraction-induced injury (as determined |, . enic
from the force deficit) would not be different (Fig. 1). force before ﬁ Force Deficit

04 Length change (mm)

Force (mN)

0.16—

0.00 Time (ms)

stretch

Fibres from EDL muscles of wild type angdxmice were

maximally actvated by C&" and then subjected to a single /
stretch of either 10, 20, or 30% strain refatio muscle
fibre length. The obseation of no difference in the force
deficits of fibres from muscles afidxand wild type mice
provided indirect evidence that the protection conferred on
skeletal muscle fibres by dystrophin and the DGC is a
stabilisation in the alignment of sarcomeres through the
lateral transmission of force from the myofilaments to the
laminin 2 and, eentually, collagen IV in the ECM.Taken
together the findings on permeabilized fibres andA Twoical force tr. f a maximall tivated sinale -per
membrane-intact fibres indicate that dystrophic symptoms ypical force frace ot a maximafly activated sing’e -pe

. - o meabilized fibe before and after a single sétch of 20%
do not arise fromdctors within the myofibrillar structure of : . )
: ; . strain. Upper trace shows the magnitude (20%uistrrela-
fibres but, ratherthrough a disruption of sarcolemmal

tive to muscle filer length) and duration (400 ms) of the

mtegrlty.thaf[ normally .confers significant protectllo.n fromramp stetdh, performed at 0.5 fibrlengths/s. Lowetrace
contraction-induced injury The greater force deficits for X .
shows the coasponding force response during esth.

single permeabilized fibres compared with intact musclt?\?ote that the file has attained maximum isometric der

(following single stretches of identical magnitude) indicategefoIe the stetch has been imposed. Force ceficit is cal-

the significance of the verall protection from injury . ) . X
afforded the myofibrils by the linkages among thé:ulated as the di¢rence in maximum isometric force P

myofibres, the sarcolemma, and the E&MZ2L3 The after stetch compaed with befoe dretch, expressed as a

findings also supported the premise that the dystrophin a%%rcent@e d the pre-strets maximum isometric force.

DGC are major dctors in the stabilisation of the

membrané! the lateral transmission of foré®,and the New directionsfor clinical strategies: Protecting

alignment of sarcomeres, particularly during stretches @fstrophic musclesfrom contraction-induced injury
actvated muscle$®3” One other possibility not

immediately apparent when using permeabilized fiber For clinical application, ap theray for muscular
preparations, is that the susceptibility of dystrophic musclelystroply, whether it be gene-based, cell-based, or

Max. isometric
force after
stretch

0.1 mN

20 sec
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pharmacological in nature, must not increase thaitikod

of contraction-mediated damage. This is especiallywante

for therapies that do not replace the functional protein and
sene to aneliorate the dystrophic pathology and either

JM, Sladly JT, Kelly AM. The mdx mouse
diaphragm reproduces the gdmeratie dhanges of
Duchenne muscular dystrophNature 1991; 352:

536-538.

increase or decrease muscle fibre siz&. long-held 5. Dupont-\érstegden EE, McCarter RJ.Differential

contention was that lger, fast muscle fibres were most
susceptible to contraction-induced injury and that this
explained wly smaller calibre fibres were relaly spared

expression of muscular dystrophin diaphragm
versus hind limb muscles ofmdx mice. Muscle
Nervel992;15: 1105-1110.

from the dystrophic pathology#® This notion has been 6. Petrof BJ, Shrager JB, Stedman HH, Kelly AM,

challenged more recently by studies in mice thateha
blocked the myostatin gene product (ayaeve requlator of
muscle size) either through transgenic approaches or

Sweeng HL. Dystrophin protects the sarcolemma
from stresses deloped during muscle contraction.
Proc. Natl. Acad. Sci. USP993;90: 3710-3714.

through the use of antibodies, and produtetkmice with 7. Lynch GS, Rafael A] Hinkle RT, Cole NM,

larger and stronger muscles and with an attenuated
dystrophic patholog§*“? Although assessments of muscle
function were not performed on the moreesely afected
diaphragm, the lesser dystrophic pathology highlighted the
possibility that lager muscle fibres might be
susceptible to contraction-mediated dam&gdhis is an
important question that needs to be addressed carefully
through future experiments employing the contraction-

Chamberlain JS, Faulknef.JContractile properties
of diaphragm muscle gments from oldmdx and
old transgeniendxmice.Am. J Physiol. 1997;272:
C2063-C2068.

less8. Lynch GS, Hinkle R, Chamberlain JS, Brooks SV

Faulkner JA. Force and power output afsf and
slow skeletal muscles frommdx mice 6-28 months
old. J. Physiol 2001;535: 591-600.

induced injury assays described earligdne approach 9. Williams MW, Bloch RJ. Extense kut coordinated

could be to increase muscle fibre size through
administration of anabolic agents, such #ig-agonist. Ina
preliminary study Lynch and colleagués examined
whether long-term (18 weeks’) cleuterol treatment in 10.
mice affected muscle fibre susceptibility to contraction-
induced injury After a single stretch of 20% strain relati
to fibre length, no diérence was evident in the force deficitl1.
of permeabilized fibres from EDL muscles of treated and
untreated mice. These preliminary findings suggest that
although B,-agonists increase sletal muscle mass and12.
fibre size, the do not increase muscle fibre susceptibility to
contraction-induced injurdft

Given the continual deslopment of na therapeutic
stratgies for treating neuromuscular disorders, assessmeh&
of muscle (fibre) susceptibility to contraction-induced
injury will become increasingly important as a tool for
evduating treatment &ftacy and their waerall clinical
significance.
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