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Summary adwantage of these qualities txaenine early stages of

muscle deelopment in the zebrafish with a particular focus

1. Large-scale mutagenic screens of the zebrafigfh the mechanisms utilised to determine théegift fibre
genome hee identified a number of different classes Oiypes present within the embryonic myotdmeloweve,
mutations that disrupt skeletal muscle formatio®f . recently the later stages of musclediepment hae
particular interest and refance to human health are a clasg)egep relatiely little studied.

of recessie lethal mutations in which muscle  axjal muscle in fish initially forms from sgnented
differentiation occurs normally but is followed by tissuenaraxial mesoderm, the somites, which in tuvegise to
specific degeneration reminiscent of human musculgfe myotomes.n zebrafish, the different classes of muscle
dystrophies. _ fibres, slov and fast twitch, are topographically separable in
2. We haveshaown that one member of this class ofihe embryonic myotome. The most medial cells of the

mutations, thesapje (sap, results from mutations within forming myotome are specified by midline ded sgnals
the zebrafish orthologue of the humaachenne muscular 5 form exclusively slow-twitch fibres. These cells

dystrophy (DMD) gene. Mutations in this locus causes psequently migrate from their medial origin tovérae
Duchenne or Begk muscular dystrophies in humange entire extent of the myotome to form a subcutaneous
patients and are thought to result in a dystrophic pathologg,g,er of slev twitch muscle. The remainder of the
by disrupting the link between the actiptasieleton and  myotome diferentiates as fast twitch fibres behind  this
the extracellular matrix in skeletal muscle cells. migratior?. Regadless of fate or position within the
3. We fave found that the progres& muscle yotome, muscle fibres initially differentiate to span an
degeneration phenotype shpjemutant zebrafish embryos gnire somite in the anterigosterior axis (Fig. 1A). The
is caused by theaflure of somitic muscle attachments at thggmite adopts its distines chevron shape early on, by 24
embryonic myotendinous junction (MTJ). hours post fertilisation (hpf), with the dorsal aneniral
4. Although a role for dystrophin at M&Jfas been papes being separated by a sheet of extracellular matrix
postulated previously and MTJ structural abnormalitiegyjied the horizontal myoseptum and each pair of adjacent
have tegn |Qent|f|§d in the Dystrophin-deficientdxmouse  gomites being separated by trestical myoseptum which is
model, in vivo evidence of pathology based on musclgjmijarly constructed (see Fig. 1AYhe myosepta seeves
attachment failure is thus far lacking. Thereforeshgjre the attachment sites for somitic muscle fibréEBhese
mutation may provide a model for aweb pathological myscle attachment sitesvearow come under the spotlight
mechanism of Duchenne muscular dystsond other ity the finding that their mechanicahilure is the
muscle diseases. In thisview we dscuss this finding in pathological mechanism in a zebrafish mutation that

light of previously postulated models of Dystrophinyrgyides the first zebrafish model of an inherited disease of

function. skeletal muscle.
) A noved mechanism of pathology in a model of muscular
Introduction dystrophy
Muscle development in the zebrafish The zebrafish dystrophic class mutants and human
A number of attributes of the zebrafish embryo anHMSCUI‘Elr dystrophy
larvae lend themselves to the study oflskal muscle Large-scale genetic screens in zebrafishveha

development. Zebrafisrembryos deelop externally ae jgentified a lage number of mutants that affect muscle
optically transparent and are therefore accessibie ¥0/0  tormation. with one class showing aery specific
embryological manipulations. As zebrafish emplo degeneration  of  sdetal  muscle Preliminary
precocious motor locomotor strategies, generating mUS(ﬁlﬁ/estigations reealed that mutations at ‘&al
load even before the completl_on of the first 24 h Ofindependent loci share the broad phenotype véldeing
development, mutations that disrupt musclevélepment \isipje lesions in the trunk muscle during the second day of

are easily identifiable in large-scale mutagenic screenfydopment which gradually accumulate until the animals
Both embryological and genetic studies vdnataken
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die before reaching adulthood, a phenotype superficialphenotypes(Fig. 1B and C).Histological examination and
similar to muscular dystroghin humans. Consequently confocal imaging of skeletal musclexpeessing green
this class of mutations ha keen identified by the authors fluorescent protein (GFP) showed that the lesions occur
as the "Dystrophic class mutarfts” where the ends ofkap mutant muscle fibres become

In humans, muscular dystroplis most often caused separated from their attachment sites (Fig. 1C and D).
by mutations within genes encoding components of thdany fibres are seen to detach at one end and contract to a
Dystrophin associated protein compl@APC) which is a fraction of their original length, showing compression or
multi-protein assembly that provides a transmembrane lidven collapse of the sarcomeric banding (FiglE and F).
between the ytoskeleton and the extracellular maffk  Furthermore, electron microsgophas reealed nuclear
The compl& consists of seeral sub-complees, with the condensations within detached fibres indicating that these
main structural link being pwided by a series of three cells are undergoing cell death, a process videat within
proteins that attach intracellular F-actin via the sarcolemni@tact neighbouring cells. A subset of these detached fibres
to laminin outside the cell. The laminin receptor within théake up te vital dye Eans Blue, which only enters cells
DAPC is dystroglycan, which is formed by the gl of with compromised plasma membranes, indicating that some
a precursor protein intoxtracellulara and transmembrane membrane tearing does occur (Fig. 1 G and. Aihus,
B sulunits. Dystrophirs a large rod-lik protein related to despite sharing the phenotype of musclgesheration at the
the spectrindmily, which binds toB-dystroglycan at its C- whole oganism level at the cellular lg€l, the pathology of
terminus and to actin filaments via its N-terminus. A secorghpmutant zebrafish is different to the pathological process
sub-complg of the DAPC is comprised of a group ofthat is currently thought to bevisived in human muscular
related transmembrane proteins called sarcoglycans, a thiggstrophies, where membrane damage occurs along the
is based on syntrophin proteins and nitric oxide synthadength of the fibre In zebrafish, theAPC is localised
and seeral further proteins are kma to associate with the embryonically to the ends of muscle fibres before it
comple. The DAPC is found at the membrane ofetdtal becomes detectable at the sarcolemma, suggesting that loss
muscle fibres and gseral other cell types in the bodwhile  of the complg might compromise muscle attachments and
a dmilar comple in which dystrophin is replaced by thepossibly allowing detachment of the kind seesap This
related protein utrophin is distributed widely throughout this a surprising finding because this has not been reported in
body. ary human muscular dystroghand even in mouse mutants

Dystrophin is the product of the DMD or Duchenndhat shev ultra-structural abnormalities of thgtoskeleton
Muscular Dystroph gene, which is responsible for aat the MTJ, there k@ keen no reports of actuaifure
spectrum of X-linked conditions including Duchenne andoccurringin vivot6-2
the milder Becker muscular dystrophies, cardiomyopathies By mapping analysis and mutation detection weeha
and mental retardatiéfi. Although the gact pathological shavn thatsapis mutated at the zebrafish orthologue of the
consequence of dystrophin loss has yet to be elucidated, thenan Duchenne muscular dystrgdlbcus which encode
structural model of dystrophin function suggests thaf-dystrophin. This finding therefore neals a neel
Duchenne muscular dystrophresults from sarcolemmal functional requirement for the APC in the stability of
tearing during muscle contractioithis consequently leads muscle attachments. &V have identified a nonsense
to a gcle of death and replacement of muscle fibres whighutation within the N-terminal actin-binding domain of
results in an accumulation of scar tissue in the muscle andystrophin that remas the large muscle-specific isoform
gradual loss of function andventually to deathl® and causes a progressi fatal muscle dgeneration.
Furthermore, man other muscular dystrophies andHomozygous mutargapembryos possess arfmore seere
congenital myopathies are caused by mutatiofectiig phenotype than the mouse dystrophin mutadx showing
other components of the DAPC complesuch as a the same progression to early lethality as the human
congenital dystrophlinked to lamininei2, and type-2 limb disease, perhaps because both human and zebrafish lack the
girdle muscular dystrophies (LGMD2) some of which areegeneratie apacity and compensatorywés of Utrophin
linked to sarcoglycans, calpain 3, vealin 3 and that are thought to proteehdx mice?l-23 Utrophin is not
dysferlint-18 found at embryonic muscle attachments in zebrafish, and is

) ) ) absent from the non-specialised sarcolemma along the
The sapje dystrophic class mutant results from mutations length of muscle fibres during embryoniovdepment, It

within the zebrafish (Zf) orthologue of dystrophin is present in the skin and pronepHro3his lack of either

sttrophin or Utrophin in embryonic muscle perhaps
makessap mutant embryos most similar to mouse models

loss of specific BPC proteins within individual mutants. thogg_ht to lack ay functional DAPC link, n.otably the

Within muscles of the zebrafish mutatisap using Iam|n|n?225 @y). dystroglycan andnd%utrophln_ double

antibodies raised against the mammalian dystrophin, whi@ﬁmam§ - In these mice, the MTJ I_acks foldlng alm_ost
viea completely and may be weaker tharmiadxanimals, but it

we hae $own cross react with zf-dystrophin, we ) ’ . :
found that zf-dystrophin is lost from the end of muscliS unclear whether itver fails completelyOnly very slight

fibres, confirming the class of muscle degeneration muta ?éd'”?ég f. ﬂ:ﬁ s?rco{ﬁmsma IS preztlent tII: wild-type zebrglﬂ;sh
may be walid genetic models of human muscular dyst;pph.ml.JSC » Indicating thaSapresembles Inese Mouse Models
in its anatomical details, and that the complevdutions of

An analysis of the expression of DAPC componen
within our zebrafish "dystrophic class" mutants hasaled
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Figure 1. Phenotype of muscle detachmentsigipje homozygote embryos.

A. Musclefibres (Green) initially span the entirety of the myotome to latia¢he vertical myosepta (Lge arows). The
myotome is also bisected by the vertical myoseptahveamaates the daal and ventral halves of the myotomes (Small
arrows). Lateal view of a 24 Ipf embryo stained with an antibody against slow MyHCDBstrophin epression (yellow)

is found exclusively at the end of muscleeibat the vertical myoseptaC, D. Confocal microscopy of GFPxpressed in

C, Widtype and D, sap homozygote musdie D is an ekample of muscle fibres that detdom the vertical myosepta in
saphomozygotes. ibres withinsaphomozygotes (D) exhibit a clubdilor faceted appearance at theirwly detatied
membanes, not evident in wild type embryos (C). EEectron microscopy shows that wild type embryonic myofibrils
align to form a egular sarcomeric array that attdxes obliquely to the myosepta (asterisks (Exaphomozygotes, fibs
showing detached ends (arrows in F) and shortening of both the éiot& and the satomees, ae \sible. In these cells,
the separation andegularity of sarcomeric banding is greatly reduced or collapsed compared to that in intact neighbour
ing cells, and absent in some places. G,IRl.vivo observation of muscle attachment fadand molecular analysis of
detaded free ends. A single fb(G, H short arows) viewed in vivo in the process of detaching myosepta, unfézehf
tial interference contrast (lateral wie 5 days post-fertilisation) and labelled with Evans blue.dy. A gap is visible
between the separating posterior end of theef{ight short arrow) and the myoseptum @whead). A narrowedetrac-
tion zone has formed wlesthe contractile apparatus has withdrawn from the ceofrhe fibe (between the short aws).
The anterior end of the fibrleft short arrow) is partly obscured by a second dye-positive detached cell (long arrow).
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the mammalian MTJ may ha esolved to withstand the 2. Brennan,C, Amacher SL and Currie, PD. Rttern

rigours of life on land. A similarly sere loss of the

mechanical function might occur in the merosin

(laminin-a2) deficient congenital muscular dystropRies

formation in zebrafish.Aspects of aganogenesis:
SomitogenesisRes. Pobl. Cell Difer. 2002; 40:
271-297.

group of very seere early muscle disorders, raising the3. GranatoM., van Eeden FJ., Schach Wowe T, Brand

possibility that such diseases mightdive MTJ defects in

M, Furutani-Seiki M, Hdater P Hammerschmidt M,

human muscle.

Within some mammalian muscles, dystrophin is also
enriched at specialised myomuscular junctions (MMJs) that
also transmit force between the ends of muscle fibres behaior of the zebrafish embryo and larv
These occur as either inteaticular fibre terminations, Developmen1996;123:399-413.
connecting single fibres into nedvks both end-to-end and 4. Bassett,D.l., Bryson-Richardson, R.J., Daggett, D.F
end-to-sidé’, or as fbrous sheets called tendinous Gautier P, Keenan, DG. and Currie, PD. Dystrophin
intersections that separate segmented blocks of non- is required for the formation of stable muscle

Heisenbgy CP, Jang YJ, Kane B, Kelsh RN,
Mullins MC, Odenthal J, Nusslein-Volhard C.
Genes controling and mediating locomotion

overlapping fibres. These, in particulabear a striking

structural resemblance to the dystrophin-dependent
5. Blake, DJ., Wir, A.,, Newey, SE. and Davies, KE.

attachments between somites in zebr&figh If MMJ

failure was a significant attor in mammalian muscle

disease, their differential utilisation might contrié to the
obsened variations in pathology between widual

attachments in the zebrafish embrigevelopment
2003;130:5851-5860.

Function and genetics of dystrophin and dystrophin-
related proteins in musclePhysiol. Re. 2002; 82:
291-329.

muscles affected in muscular dystrophies, and betweén Spence H.J., Chen Y.J, \Wder SJ. Muscular

humans and the different dystrophic animal models.

As well as accurately representing the progvessi

dystrophies, the wtoskeleton and cell adhesion.
BioEssay002;24: 542-552.

nature of DMD,sap closely resembles kmm Duchenne- 7. Ehmsend, Poon E, Davies K. The dystrophin-associated

causing nonsense mutations in the N-terminal, magamy

protein complexJ. Cell Sci.2002;115:2801-3.

a rew nmodel of the disease and raising the possibility th& Finsterer J, Stollberger C. The heart in human

muscle attachmentilure contributes to the pathology of dystrophinopathiesCardiology2003;99: 1-19.

either Duchenne or other muscular dystrophies. Thevkno 9. Mokri B, and Engel AG. Duchenne dystrophy: electron

localisation of the BPC to this site is consistent with this, microscopic findings pointing to a basic or early

but it seems possible that such pathology mightaschfve abnormality in the plasma membrane of the muscle

been @erlooked, as muscle biopsies are often deliberately fiber.Neurology1975:25: 1111-1120.

taken from sites at a distance from the tendon in order 1®. StraubV, Rafael JA, Chamberlain JS, and Campbell

simplify histological &aminations. It remains to be seen to KP. Animal models for muscular dystroptshow

what extent this nal requirement for the BPC in the different patterns of sarcolemmal disruptidnCell

stability of muscle attachments might contribute to human Biol. 1997:139: 375-385.

muscle diseasesubit might be prudent to re-examine thesdl. Durbeej M, Cohn RD, Hrstka RF Moore SA,

structures, especially myomuscular junctions. Allamand V Davidson BL, Williamson RA and

Campbell KP Disruption of the beta-sarcoglycan
gene rgeals pathogenetic compligy of limb-girdle
muscular dystroph type 2E. Mol. Cell 2000; 5:
141-151

Ettinger AJ, Feng, Sanes JREpsilon-Sarcoglycan,

a lroadly expressed homologue of the gene mutated
in limb-girdle muscular dystroph 2D. J. Biol.
Chem 1997;272: 32534—-32538.

. NigroV, de Sa M, Huso G, \ainzof M, Belsito A,
Politano L, Puca AA, &sos-Bueno MR Zatz M.
Autosomal  reces#  limb-girdle  muscular
dystroply, LGMD2F, is caused by a mutation in the
delta-sarcoglycan geneNat. Genet. 1996; 14:
195-198.

14. CotePD, Moukhles H, Carbonetto S. Dystroglycan is
not required for localization of dystrophin,
syntrophin, and neuronal nitric-oxide synthase at the
sarcolemma but grlates integrin alpha 7B

1. Blagden,CS, Currie, PD, Ingham, PWHughes, SM. expression and caolin-3 distribution. J. Biol.
Notochord induction of zebrafish slo muscle Chem.2002;277: 4672—46709.
mediated by Sonic hedgehd@enes De 1997;11: 15 CohnRD, Campbell KPMolecular basis of muscular
2163-2175. dystrophies.Muscle Nerv@000;23:1456-71..

Futur e research directions for zebrafish models of
muscular dystrophy

The discoeries outlined here provided us with the
tantalising possibility of applying the sophisticatedlz'
embryological and genetic methodologies afforded in
zebrafish to thestudy of the human dystrophic conditions.
In particular gpplying second site enhancer and suppressgr
screens to identify genes that may act to modulate t g
dystrophic condition is a particularly promising research
direction. Furthermore,the molecular defects present
within the remainder of the class of "dystrophic" mutants
has yet to be elucidated, and it remainglikthat these
may represent potentially wel genes that may also be
mutated in human muscular dystrophies.
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Popping sarcomere hypothesis explains stretc  h induced muscle dama ge
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Summary force on stimulation rate is chandednd the optimum
] ] ] _ length is immediately shifted to longer lengthsn some
1. Exercise that ivolves stretching a muscle while gxheriments, usually in frog fibres, the tension at long
actve @use microscopic areas of damage, delayed O”ﬁg‘f th has been shown to increase, making the changes in

muscle soreness, and adaptation to withstand subsequgsation unable to fully account for the shift in optimum
similar eercise. lengtlP.

. . g
2. Longer muscle lengths are associated with greater Perhaps most importanfly eccentric  eercise

damage, and recent animajperiments shw that it is the  produces a rapid adaptation, so that a second similar bout of

length relate © optimum that determines the damage.  exgcise produces substantially less soreness and Tnjury
3. In humans walking down stairs, takingavat a

time increases the length of the muscle during theopping sarcomese hypothesis
lengthening and increases the delayed onset muscle

soreness. The popping sarcomerg/hothesi8 states that stretch
4. The observed pattern of damage is consistent withduced muscle damage results frorerw non-uniform
explanations based on sarcomere length instabilities lengthening of sarcomeres when eetituscle is stretched

5. The pattern of adaptation is consistent with thB&ond optimum length. If sarcomeres are bend
number of sarcomeres in series in a muscle beiﬁ’@t'mum length, then the longest sarcomeres will be the

modulated by ercise, especially the range of musclevealest, and so will be stretched more rapidly than the

lengths @er which eccentric xercise regularly occurs. others, and so become weagkuntil rising passie ension
compensates for falling aeé tension. Br at least some
Muscle stretch muscles, this corresponds to lengths beyond filament

. ) . . overlap. (The situation in other muscles is unclear

When muscle is stretched during ®etiension  gepending on the origins of the resting tension.) As the
generation, thevent is commonly though not intuitiely,  \yealest sarcomeres are not at the same point along each
described as an eccentric contracti@ther terms include myofibril, this non-uniform lengthening leads to shearing of
pliometric contraction, or ae dretch. Themuscle IS myofiprils, eposing membranes, especially t-tubules, to
being forcibly lengthened ~while trying to shorteniage deformations. This is thought to lead to loss of
Enegetically the muscle is absorbing work, not performingacium jon homeostasis, and hence damage, either through
it. In common terms, the muscle is being used as aebralfearing of membranes or opening of stretch vateil
nota motor. o _ _ channel® It is postulated that the adaptation to eccentric

Eccentric contraction is an important function ofygcise consists of increasing the number of sarcomeres in
muscle, occurring during aviiies ranging from lowering a geries, so that a \gin muscle length corresponds to a
load to walking down hill.It is present in manforms of = gporter sarcomere length. In particukie adapted muscle

exacise, such as running, particularly whenwdonhill is  confines eccentric avtty to muscle lengths less than
included, horse-riding and skiing, where the action could Bgytimum.

better described as shock absorbing rather than braking.
Eccentric contractions seldom occur in cyclingyirgg or  Optimum length
swimming. ) ]
For a smple muscle where all fibres V& the same
Stretch induced muscle damage. number of sarcomeres in series, the optimum length for
tension generation during maximal aetion will be given

Itis a long standing observation that "unaccustomegly, ihe |ength of tendons, plus the product of the number of
eccentric gercise can lead to stibnd tender muscles K& g5rcomeres in series and the optimum length of a

day known as Delayed Onset Muscle Soreness, or DeM%aflcomere. & a muscle containing fibres with a range of
It has become apparent in recent years that unai\ccustomﬁqe number of sarcomeres in series, thevabrelation will

can mean at unaccustomed length, as well\adving an  approximately hold if the number of sarcomeres in series is
unaccustomed number of repefitions or unaccustomgghiaced with thearage number of sarcomeres in series.
forceg3 This is a ley d:)ser\a_\tlon that vy|ll be re_lnforced As the optimum length of a sarcomere igéixand tendons
later DOMS 'is accompanied by microscopic musclgye sigy to remodel, shifts in the optimum length with
damage, with multiple areas of damage scatterefgcise that occur within a ¥e days can be confidently

throughout the muscle, but each confined to a single*fibrgssigned to changes in the number of sarcomeres in series.
The maximum force is also reduced, the dependence of |, ihe popping sarcomere hypothesis, the optimum

Proceedings of the Australian Physiological and Pharmacological Society (2804) 19



Popping sarcomex hypothesis

muscle length tads on three very important roles. In theduring the double step, reached 2 between 24 and 48 hours,
first, optimum length becomes a prime determinant of thmit leg B aily reached 0.4A General Linear Model of the
susceptibility; damage is predicted to occur only whe616 pain ratings was carried out for the foliog factors.
sarcomeres are used ybad optimum length. In the The time of measurement was tested as a discagiable,
second, the immediate shift in optimum length aftedue to the rise and fall of pain with time, and reached
eccentric rercise is a measure of damage, which igdgr p<0.0001. Thetime course is shown in Figure IThe
specific to eccentricxercise damage, and independent oEomparison between the A and Byde that is whether the
fatigue or damage that\iolves fibres ceasing to contract,leg had been supporting the body during single or double
both of which contribute to force dropere it is proposed stepping had p<0.0001, with thegléhat was stretched to
that the immediate shift indicates the number dbnger lengths shwing more pain. The length of the
overstretched sarcomeres, an early stage in the procssdbjects’ legs, measured as the height of the iliac crest
leading to DOMS.Experimentally the shift in optimum is abore te floor was significant as a lineaacfor with
closely correlated with theall in tension, but typically p<0.003, with taller people xperiencing less pain,
shaws less scattér In its third role, the position of the presumably because thedik step requires smaller angles
optimum is a measure of adaptatioh.muscle is gpected of flexion for taller people. Subjects also graded their
to be protected from injury if the optimum length is near toegular participation in eccentric and concentriereise on
or begond the maximum length at which the muscla five point scale. From these, arxeecise factor vas
undergoes eccentric contraction. calculated as the ddrence between the indeof
The importance of long length in determiningparticipation in eccentrically biaseaeecise and the inde
damage has been clearly demonstrated in frog sartorfos concentrically biasedxercise. Thisshaved p=0.0001,
muscles, rat vastus intermedius, and cast@cnemius. with high scores shwing less damage. Gender had
Furthermore it has been st that damage to an indilual  p<0.0001 when kglength vas remeed as a &ctor, but this
motor unit within a muscle undgring eccentric xercise became p<0.02 whenddength was included, suggestion

depends on that motor usitptimum lengtRC. that gender primarily acted through heigkiteight was not
) ) ) a ggnificant continuousdctor Measurements of optimum
Walking down stairs two at a time length were not made.

A recent unpublished experiment from our
laboratories also showed a dependence of damage on length
for human knee extensor muscles. When we walkndo 2.5
stairs, the knee extensors of the supportigguredeigo an
eccentric contraction as thesupport the body as it is 2.0+
lowered to place thextended Ig on to he next step.This
does not normally cause muscle soreness, as it is & '°]
evayday «ercise. Descendinthe same distance twgeps %
at a time causes the muscles to undergo eccentfic 1.0
contractions at an unaccustomed longer length, while still
generating the same forces and absorbing the same amount™® |
of energy. 0.0
Twenty one students alked davn ten flights of 24 T ' ' ' '
stairs with instructions to land on their heels rather than 1 2 Days a?ter exem‘i‘se ° ®
their toes. For dternate flights, the stepped dan one step
with leg A leading, and then broughtgld3 dongside, so
that leg B absorbed all the energy of descending one fligitigure 1.Mean with SEM of pain ratings of kneetensor
in 24 eccentric contractions at short length, while the kndauscles after walking down staisipported by one ¢gfor
extensors of lg A were essentially inast. For the other five flights taken one step an a tinaed the other Ig for
flights, they stepped down te seps with Ig B leading, and five flights taken two steps at a tim&he lager steps
then brought lg A alongside, so that A was the supporting’f‘tretmed the muscles to longer lengths and produced mor
leg that underwent eccentric contraction at long lengthe  SOréness.
same amount of energy was absorbed as for the other
flights, but spread ver only 12 eccentric contractions
extending_to Ionger. muscle length. The relations between  These results are all in accord with thgpdthesis
left and right, dominant and non-dominant, and A and Bhat damage only occurs when muscle isvalstistretched
were randomized. _ _ _ beyond its optimum length, and that muscles adjust their
Subjects rated soreness in their left and righfptimum length by adjusting the number of sarcomeres so

quadriceps muscles twice daily for thexnereek on a scale that actve dretch normally occurs only at lengths less than
of 0 to 10, representing no pain anctreme pain optimum.

respectiely. Most &perienced only mild pain. Figure 1
shaws that the mean pain rating foglé, the support lg

-~ Leg supporting during double step
-o- Leg supporting during single step
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Sarcometre addition as a protective mechanism contractions, and because {ttege subject to muscle tears,
) ) o ) which are thought to occur during eccentric contractions in

The idea that adaptation to eccentrereise Consists ctyities such as sprinting where yhact as brakes on the
of adding sarcomeres in series in fibres has a numbergfiyarg swing of the Ig, particularly the lower lp They
supporting obseations. It ties in closely with the 416 also a camnient muscle to usexperimentally as
obsenations thadamage depends critically on the range Oﬁassi/e ension about the knee is smalleo most of the
lengths of the stretch compared to optimurt. alsO  anatomical range.The optimum knee angle for torque
explains wly biopsy studies hee been unable t0 s generation can be reliably measured by isokinetic
differences with adaptation, as the sarcomeres &fgnamometry where an angle torque cenis measured
unchanged. lis consistent with previous observations tha&uring maximum wluntary contraction with constant
the number of sarcomeres in series is capable ofuedati velocity shortening. Doing a number of cycles and
rapid chang¥, though the mechanisms are yet to be fu”)évefaging impraes the reliability.
elucidated. ltalso gves a eason for the rersal of Using this measure before and after a series of

training. Extrasarcomeres in series increase the @Ner gccentric gercises produced a significant shift of about 7°
consumption for isometric force w@opment. This ;, optimum knee angle for torque generatfon The
provides an incenge © shed un-needed sarcomeres in theygcise was a series of "hamstringwkrs”, where the
interests of efciengy of tension generation.Extensve g piact knelt on a pad with ankles restrained and hips
exacise ivolving only concentric contractionsould be  giraight, and leaned slowly foand from the knees as far as
expected to increase this, supporting the anecdoighssible before collapsing. This led to muscle soreness in
obsenration that "couch potatoes" are less prone to eccentfjq hamstring group. Some subjects repeated tbeige
exacise damage to knee extensors thgule gclists. In g days laterand sufered much less sorenesgain

this view, the number of sarcomeres is continuouslyccentric gercise, DOMS, increased optimum length and
modulated up or down to maximisefieiengy while adaptation all occurred together.

avading damage during "normal"_ acitly. Investigating_ A less well iwestigated consequence of the
the mechanisms of the adaptation is beyond our eXpert'Sehypothesis is that the unloaded shortenietpsity should
increase with eccentric training, as the unloaded shortening
velocity of a fibre is the sum of the velocities of the
Direct evidence for sarcomere number modulatiofarcomeres. Soniedications of this hee keen reportet,
has come from rat vastus intermedius muscles, the postdfgugh the long time course nekit difficult to rule out
knee atensord? Rats were trained by running on anfibre type change as an altermatexplanation.
climbing or descending treadmill for about 20 mins per day It has been noted in tetanically stimulated animal
for five days, in a protocol that had been previousiysho muscles with multiple fibre types that the damaged fibres
to cause damage to these muscle in the descending gratg largely fast twitch fibrés In sub-maximal wluntary
but not the climbing groul®. The muscles were fixed andactivity the opposite is trdé presumably because thast
then digested in acid. Intact fibres were identified in seriéitch fibres are not likely to be actied. Hencethe fast
dilutions of the digested muscle, and the number &fores can be seen as being susceptible in tetanic
sarcomeres estimated from fibre length and sarcomdentractions because there not recruited, and hence not
length, measured by laser fdiiction. From these the trained, during normal submaximal ady. If training
number of sarcomeres in fibres was calculated. All groug@nsists of increasing the number of sarcomeres, then slo
had quite broad distriltions of sarcomere numbers, but thénotor units should he longer optima than fast units, or
means were significantly i#rent between training groups. more preciselythe most susceptible units should/éahe
The descending trained animals had the largest sarcomg&@rtest optima and bast type. This was tested for cat
count, the climbing trained rats had the smallest counts, a@@trocnemius motor unit® It was found that all motor
sedentary rats had intermediate counts, though closer to tiéts with optimum length less than the whole muscle
climbing group. This could be interpreted as the respong@timum had a time to peak twitch of less that 50msec, that
to concentric ®ercise being either smaller or slower tharis all slav motor units had long optimalnterestingly a
the response to eccentriceecise. small number of fast twitch units had long optimum
In another series ofkperiment$?, vastus intermedius lengths, suggesting that théxave adapted to, and hence
muscles of treadmill trained rats were tested mechanicalere subject to, regular eccentrieeeise. Havever as he
while still in situ, that is attached to the bonest Wwith all experimental observation was that all damaged fibres were
other muscles about the knee joint reetb Thisavdds fast, not all fast fibres were damaged, tkistence of units
introducing  uncertainties into muscle length. In  thatare both fast and well adapted is not inconsistent.
descending trained rats the knee angle for optimum torque  Different optimum lengths may be due tofefiént
generation corresponded to longer muscle lengths thant@ndon lengths as well as feifent numbers of sarcomeres.
climbing trained rats, and the muscles of descending traindéhere a relatiely rapid (hours to days) shift of optimum is
rats suffered less damage from an acute bout of eccenfitwn, it is more likely that sarcomeres aredived than
contractions wer the same range of knee angles. tendon. Thisis less clear with experiments such as the
In humans the hamstring muscles are of particul&bove mwmparison of motor units, where the adaptation has
interest, because there used relatiely rarely for eccentric taken place ver a lifetime, so that tendon adaptations

Evidence for sarcomee number modulation
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Popping sarcomex hypothesis

cannot be ruled outHowever, the basic fipothesis that

muscle adapts optimum length tovoml eccentric 25 < o Climbing
contractions bgond optimum is not affected by this e Descending
complication.

20 —
Are aher mechanisms iwvolved?

gle (°)

It is possible that adaptation of optimum length doe& 15 |
occur but that other adaptation mechanisms are alsg
important. Thiswas tested by training more rats asg
described abee, ether climbing or descending. Al 8 1p _
animals were then anaesthetised, and the vastus interme@Js
subjected to a series of 20 eccentric contractioAl. =
stretches had an amplitude of 27° of knee angils, bic 5 -
beginning at diferent knee angles. In some animals stretc

began at he measured optimum angle, while in others it

began from 90° of knee angle One way of analysing these 0—®
data is shown in Figure ZDamage has been quantified by ! ! ! ! ! ! ! !
the immediate shift in optimum angle, but the tension 9 8 80 75 70 65 60 55

decrease shows similar resuli&’hen the damage is plotted
agpinst the absolute knee angle from which the eccentric
contractions bgen, the climbing and descending trained
muscles clearly fall on tevdistinct lines, confirming both 25 — o Climbing
the «istence of a training effect and the dependence of e Descending
damage on muscle length. When the same damage dataare 20
plotted aginst the angle rela © optimum from which "

the acute eccentric contractionggae the tvo groups All ?

on the same line. Damage still depends on sarcomese 5 _
length, but not independently on trainingStatistical g
analysis of the data confirmed these conclusions. If trainirg

group (discrete) and absolute knee angle (continuous) wége 10 —
used as factors in a General Linear Model, growgs wO

highly significant. If absolute knee angle was replaced b

relatve knee angle, group was no longer significafhis & 5 —
indicated that déct of training attributable to mechanisms?’

other than the shift in optimum length was not statistically

Absolute included knee angle (°)

@ O®

significant. 0o-®
These ideas and observationsréhdeen useful in ! ! ! ! !
directing current research into eccentriereise, such as 40 30 20 10 0

examination of the role of transverse teés® and in muscle

injury preventionis Included angle relative to optimum (°)

Summary Figure 2.The shift in optimum angle after acute eccentric
contractions from various initial lengths, in climbing and
There is nw an etensve body of evidence that descending trainedats. Inthe upper panel, data ardot-
damage from eccentricx@cise is strongly dependent onted against the absolute knee anglenfrwhid sretches
the sarcomere lengthsves which the stretching occurs. pggan. Themuscles sttched fom 90° ae on he left, and
Adaptation in a number of preparations has beewisho those stetched from optimum length wegeneally longer
be accompanied by a shift in optimum length, and the shifhd moe damaged. Mostimportantly the climbing and
has been shown to account for the major portion of thescending animals ardearly sepaated. Inthe lower
adaptation. Allof this provides evidence that damageanel the same data emotted against angle relative to
occurs when sarcomeres areydied optimum, the central optimum. Inthis case the muscles etithed from optimum
prediction of the popping sarcomergpbthesis. Thiss all appear at zes, and those sétched from 90° a gener-
true whether the stretch progresses to damage by tearingaf stretched fom less than optimum and daged less. In
structures or by opening of stretch aatiéd channels. this casethe climbing and descending trained animale ar
not separated.

22 Proceedings of the Australian Physiological and Pharmacological Society (3804)



D.L Morgan

Acknowledgements prolonged eccentric trainingnt. J. Sports Med.

. 19834:177-183.
The authors wish to ackmiedge the support of the 17 |jeper RL, Fridén J. Seleste camage of dst
NH&MRC, and the co-operation of the 2003 Biomechanics glycolytic fibres with eccentric contraction of the

class in the stairs experiment. rabbit tibialis anterior Acta Physiol. Scand.
1988133587-588.
References o
18. Broclett C, Mogan DL, Prosle U. PRedicting
1. HoughT. Ergographic studies in muscular sorenegs. hamstring strain injury in elite athletesded. Sci.
J. Physiol.19027:76-92. Sports Exercis200436(3):379-387.

2. Talbot JA, Mogan DL. The efects of stretch parameters
on eccentric xercise induced damage to toadReceved 16 January 2004, in revised form 4 May 2004.
skeletal muscle. J. Musc. Res. Cell. Mot. Accepted 5 May 2004.
199819:237-245. ©D.L. Morgan 2004.

3. Momgan DL, Talbot JA. The Addition of Sarcomeres in
Series is the Main Proteeti Mechanism Bllowing  Author for correspondence:
Eccentric Eercise.J. Mech. Med. Biol. 20022(3 &  Prof. David L. Mogan
4):421-431. Department of Electrical Engineering

4. EbbelingCB, Clarkson PM. Esrcise-induced muscle Monash Unversity,
damage and adaptatid®ports MedL9897:207-234. Clayton, Vic. 3800, Australia

5. Edwards RHT Hill DK, Jones DA\, Merton PA. Rtigue
of long duration in human sletal muscle after Tel: +61 3 9905 3483
exacise.J. Physiol. (Lond.J1977272769-778. Fax: +61 3 9905 1820

6. Momgan DL, Claflin DR, Julian FJ. The fefcts of Email: david.mogan@ieee.org
repeated acte dretches on tension generation and
myoplasmic calcium in frog single fibresJ.

Physiol. (Lond.)1996497(3):665-674.

7. Nevham DJ, Jones &) Clarkson PM. Repeated high-
force eccentric xercise: effects on muscle pain and
damageJ. Appl. Physiol. 198763(4):1381-1386.

8. Momgan DL. New insights into the behavior of muscle
during actve  lengthening. Biophys. J
199057(Feb):209-221.

9. Yeung EWBalnare (D, Ballard HJ, Bourreau J-Rllen
DG. Deelopment of Tubular vacuoles in
eccentrically damaged mouse muscle fibrds.

Physiol. (Lond.002540(2):581-592.

10. Broclett C, Mogan DL, Gregory JE, Prosk U.
Damage to dferent motor units from ack
lengthening of the medialagtrocnemius muscle of
the catJ. Appl. Physiol.200292:1104-1110.

11. GoldspinkG. Malleability of the motor system: a
comparatre gproach. J. Exp. Biol.
1985115375-391.

12. Lynn R, Mogan DL. Declinerunning produces more
sarcomeres in ratastus intermedius muscle fibres
than incline running. J. Appl. Physiol.
199477(5):1439-1444.,

13. ArmstrongRB, Ogilvie RN, Schwane JA. Eccentric
exacise induced injury to rat skeletal muscle.

Appl. Physiol198354(1):80-93.

14. lynn R, Talbot JA, Magan DL. Differences in rat
skeletal muscles after incline and decline runnihg.
Appl. Physiol199885(1):98-104.

15. Broclett C, Mogan DL, Proske U. Human hamstring
muscles adapt to damage from eccentk@ase by
changing optimum lengthsMed. Sci. Sports
Exercise200133(5):783-790.

16. FridénJ, Sger J, Sjostrom M, Ekblom B. Adapti
response in human aletal muscle subjected to

Proceedings of the Australian Physiological and Pharmacological Society (2804) 23



24

Proceedings of the Australian Physiological and Pharmacological Society (3804)



Proceedings of the Australian Physiological and Pharmacological Society (2002%-30 http://wwwapps.og.au/Proceedings/34/25-30
©U. Prosle 2004

Identifying athletes at risk of hamstring strains and ho w to p rotect them
U. Proske, D.L. Morgan*, C.L. Brockett & P. Percival*
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Australia
Summary figures indicate that current pemtative grategies for this
] o o kind of injury remain inadequate.
1. One common soft-tissue injury in sportsalving Epidemiological eidence suggests that hamstring

sprinting and kicking a ball is the hamstring strain. Straigyains are associated with eccentric contractions, where the
injuries  often occur while the contracting muscle igontracting muscle is lengthen®d.Hamstrings undeo
lengthened, an eccentric contractiore Miveproposed that eccentric contractions during sprinting, kicking the ball and
the microscopic dgmage to muscle fibres Whlch r_outmebllckmg up the ball. Indeed, it is gelarly observed that
occurs after a period of unaccustomed ecceni@cise, §yring these activities, players incur hamstring strains. This
can lead to a more e strain injury. fact has led us to propose awnepproach to hamstring

2. An indicator of susceptibility for the damage fromgyrains, indeed, to all muscle strains, based on recent
eccentric rercise is the optimum angle for torque. Whenegearch.
this is at a short muscle length, the muscle is more prone to  \we rave been studying the mechanical changes in a
eccentric damage. It is known that subjects most at risk of@scle subjected to a series of eccentric contractions.
hamstring strain he a pevious history of hamstring pccentric aercise is the only form ofsercise which is
strains. By means of isokinetic dynamomgtwe have. routinely accompanied by muscle damager. & review of
measured the optimum angle for torque for 9 athletes withg, topic see Proskand Momgan.4 Here we hae gne one
history of unilateral hamstring strains.eVdso measured gien, further and proposed that under certain conditions, the
optimum angles for 18 athletes with nopoais history of microscopic damage at thevék of muscle fibres from

strain injuries. It s found that mean optimum angle in thgccentric contractions magpt imes, progress to a more
previously injured muscles &s at a significantly shorter major strain injury.

length than for the uninjured muscles of the othgrasd

for muscles of both s in the uninjured group. This resultMuscle damage from eccentric exercise

suggested that primusly injured muscles were more prone ) ) _ )

to eccentric damage and therefore, according to our ECCentric gercise, in someone unaccustomed to it,

hypothesis, more prone to strain injuries than uninjurggfoduces stiffness and soreness next dais is because

muscles. the eercise has led to muscle damage which, in turn, leads
3. After a period of unaccustomed eccentriereise, to sensitisation of nociceptotsWhy eccentric &ercise

if the exercise is repeated a week latdrere is much less Produces muscle damage can bel&ned in terms of a

evidence of damage because the muscle has undergondl&Qry based on sarcomere dynarﬁmns proposes that

adaptation process which protects it against further damag® descending limb of the length-tension euir sleletal

We popose that for athletes considered at risk of g\uscle is a region Qf instabilityv¥hen a sarcomere, whlch_

hamstring strain, as indicated by the optimum angle f& Wwealer than it neighbours, lengthens on the descending

torque, a regular program of mild eccentniereise should limb, it becomes progressly wealer. In addition, when

be carried out. This approach seems to work sivickerce the y|eld_ pomt of the force-velocity relation is reached,

from one group of athletes, whoveaimplemented such a lengthening is rapid and uncontrolled, without the

program, shas a significant reduction in the incidence oflevelopment of additional force. The rapid lengthening will
hamstring strains. only stop when tension in pagsigructures associated with

the sarcomere has risen fatiéntly to balance the tension
being generated in adjacent still-functioning sarcomeres.
Introduction Then the next weakest sarcomeregibe to lengthen
uncontrollably This process continues for the duration of
; ; 'the applied lengthening during the eccentric contraction.
sports such as Australian football and track and fieddts, Once a sarcomere has been stretched to the point of
including sprinting and hurdling. The Australialmd?t?oall ‘no overlap, when the muscle reles, the sarcomere risks
League (AFL) has the hamstring strain at the top of ii§scoming disrupted, that is, the myosin and actin filaments
injury list W.Ith 16% of all injuries attribted to it. V\Qrse no longer interdigitate propetly A non-functioning,
still, the re-injury rate for players who Ve@d some time iy nted sarcomere represents a point of weakness in the
incurred a hamstring strain currently lies at 34%hese 1 scle. During repeated eccentric contractions the area of

Hamstring strains are a common soft-tissue injury
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Figure 1. A: Changes in sarcomere length-tension relati@mlidwing a series of eccentric contractiong computer-sim-
ulated curve of total sabmee tension has beerepresented, based on the active length-tensiation'! to whidh the
estimated, xponentially rising passive tension has been added. Tension has been normalized relative to the maximum
active tension. Length is of a féopostulated to comprise 10,000 samees with a sazomee length of 2.5um at gtimum
length. The control curve (solid line) is on the left. After a series of eccentric contractions, 10%oafeszs have their
tension output set to zeto dmulate disruption. That shifts the length-tensietation in the direction of longer lengths by
3 mm, as shown by the dashed curve on the right. Redrawn fromeRrudiorgan?

B: Dependence of the shift in length-tension relation on the starting lengthe filled circles epresent the data dm
ead of 6 bad sartorius muscles subjected to 20 eccentric aotitns. These werective stetdes of 3 mm (10%_).at 3
muscle lengthss They were gpplied at pogressively longer lengths, thedtrat a starting length of 0.8 Lthe last at 1.2
L,- Atlonger starting lengths, the resultant shifts in optimumentarger. To provide an indication of wheron he sacom-
ere length-tension relation these shifts laysuperimposed active sesmee length tension curve has been showan(fr
Gordonet al!l) Figure redrawn from Talbot?

disruption is likely to grev and a point is reached where Signs of damage

membranes are torn and the muscle fibiginseto contract . ) ,
uncontrollably leading to a rise in whole-muscle passi Evidence for the presence of disrupted sarcomeres in

tension? Ultimately some of these fibres are likely to flie. Series with still functioning sarcomeres is provided by a
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Figure. 2. Drque-angle curves for human hamstring muscles, before and after a series of eccentric contradtobmse
and angle values werdbtained from a series of maximal knee extensions carried out on an isokinetic dynamGaneter
sian curves wer fitted by computer to the top 10% of the digitised andamedrvalues (continuous lines). These gave val-
ues for peak taue and optimum angl®©pen circles £ S.E.M.), data acquired immediately befdne ercise (Contol),
filled circles ¢ S.E.M.), immediately after theeacise (Immediate ¢5t-Execise). The xercise consisted of a series of con-
trolled forwad falls, using hamstrings to ke the fall. Fgure redrawn from Bodkett et all® Downwads directed ammws
indicate the shift in optimum angle (7.2°). Horizontal arrows show the drop in torque (12.6 N).

shift in the muscle length-tension relation in the directionbased on the proposal that damage at thd b single
of longer muscle lengthst® This can be modelled by muscle fibres can, at times, lead to a major, tearmuscle
means of a sarcomere length-tension eubased on strain® If we are right, it means thatvidence for a
Gordon, Huxlg and Juliant! A disruption of 10% of predisposition for eccentric damage is also an indication of
10,000 sarcomeres, each with a length of gd a vulnerability for strain injury.
optimum, produces, in a muscle 25 mm long, a shift of 3  We have tested this proposal byfirst of all,
mm, in the direction of longer lengths (Fig. 1A). measuring torque-angle curves for hamstring muscles in
Since the instability of sarcomeres is present only amtrained subjects.Curves were constructed using an
the descending limb of the length tension curve, the singispkinetic dynamometerSubjects were agd to carry out a
most important determinant of the amount of damage asdries of isokinetic contractions and the torque and angle
disruption from eccentric contractions is the length rangggnals during each contraction were digitised, sorted
over which the muscle is stretche@or amphibian muscle, according to length andreraged. A computer fitted a cav
the size of the shift in optimum length is directly dependemd values abee 0% of torque to determine the optimum
on the starting length for the stretch. The shift is small (Langle. Subjectsvere then asdd to carry out a series of
2 mm) when the starting length is beldhe optimum. It eccentric contractions with their hamstring musclest F
increases steeply up to 5 mm whenxiteeds the optimum this they were asked to kneel on a padded board with their
(Fig. 1B)1? feet strapped to the board at the ankle. Subjects were
There has been much debaterdhe reliability of the instructed to lower their trunk dm onto the board, using
various damage indicators after eccentn@reise. In our their hamstrings to brakthe fall. Subjects carried out a
view the drop in force is not as reliable an indicator as series of such ‘hamstring lowers’ and then a second torque-
shift in optimum length. This is because during repeatexhgle cure was constructed immediately afterwards.
eccentric contractions, as occurs in most sports, the force An example of a pair of torque angle oesv
drop may be confounded bwtigue effects. The shift in constructed before and after a period of eccentacse is
optimum is present immediately after thgereise, not shown in Figure 2. For 10 subjects tested @safound that
delayed lile oreness, and the size of the shift is a dired¢here was adll in optimum torque, by arverage of 25%%
indication of the amount of damage that has occurred.  4%), and a shift of the optimum angle of #3°).13 This
Our approach to the problem of hamstring strains iesult confirmed that it was indeed possible to obtain
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evidence for muscle damage in hamstrings after a seriesmfich less stiffness and soreness. This is the “repeated bout

eccentric contractions. effect”!’ Folowing damage from the first period of
) o o exacise, the muscle adapts to ymet further damage. It
Previously injured athletes are more prone to injury has been proposed that the adaptation proceslvés the

incorporation of additional sarcomeres, in series, in muscle
players with a préous history of hamstring strains fibres® It is known that such an addition of sarcomeres can
’%ccur in less than a weék.The presence of additional

subsequently re-injure. If we are right in our predictions, ) L
sarcomeres in myofibrils means that terage sarcomere

greaterthan-normal vulnerability for eccentric damagei th ien fibre lenath b | leading t
should mean an increased likelihood for a strain injlinis engih Tor a gren Tore 1eng ecomes 1ess, leading to a
ift in the direction of longer muscle lengths of the

leads to the prediction that previous hamstring-injured . ) .
subjects should shoa geaterthan-normal susceptibility ?ptlrt?]um Ieng}h for.tffc:.rce_.t That, in Itlg:K it less It'b%
for eccentric damage. Itag decided to test thigyothesis. or the muscle, within It nhorma Ing range, to be
Hamstring angle-torque  curves, as describegfretChEd onto its descending limb, thgioa of potential
previously were measured for 9 elite athletes, 5 AFL amas\t/a. - d the traini ffect in h tri
players and 4 track and field athletes all of whom ha\d ethlvtgmeasbqret et.ralnlng € elc mhlﬁar(]jwst:lng;.o
previously incurred one or more hamstring strains in ong Non-athielic subjects optimum angie shitted Dy
leg, 4 weeks or more prisusly. At the time of testing the immediately after a first period of eccentrixeeise (see

had all returned to full training and no one experiencgd a bose). By 8 days after thexercise, there remained a

soreness during testing. Measurements made on %r5|§tenttg j(“é)tﬁh'ft' '%”?W't?]g aloserc]:.?tnd period .Ofd
previously injured hamstrings were compared Wiﬂﬁxausea ay o, thereag a further 1= shilt accompanie

hamstrings of the otheruninjured lgy. In addition y a smallethan-preious drop in force and less

measurements were made on both legs of 18 AFL pIaye?QreneSé? Our interpretation is that the shift in optimum

none of whom had a previous history of hamstring strjétins.Iength after the first period of eccentrikezise reerses

The values for optimum anglesvealed dramatic only partially since repair of damaged muscle fibres is
differences. The mean optimum angle for thevipeesly accompanied by incorporation of additional sarcomeres.
injured hamstrings was 12.1% @.7°) shorter than for the This, in turn, means that the second periockefase is not

uninjured muscle (Fig. 3). A shortdran-normal optimum stretching muscle fibres quite as far asvimesly, s

length means that more of the museleorking range is on avdding the descending .Iimb of the Iength—te.nsion.eurv
the descending limb of the length-tension relation, tH%S a consequence there is less damage and disruption. If we

region of instabilty and damage. Interestinglyhe are right, and a susceptibility for eccentric damage signals a
uninjured muscles of the otherglenot. only had longer vulnerability for strain injuries, the training effect isdli
optima lut these were not significantly  different fromto be a means of providing protection against further injury

values for both legs of the uninjured subjects. So th§ aining with eccentric exercise reduces the incidence of
uninjured muscles of subjects with a history of U””ate@{amstring strains

hamstring strains sho no dgns of a susceptibility for
damage. If, as xperience shows, differences between In order to test some of our ideasjeothe last 3
hamstrings on the twddes are usually small, this findingyears we he bkeen collaborating with one of the AFL
suggests that at-risk subjects within a population afubs. In cooperation with the clibfitness coordinator a
uninjured players may notwadlys be identified by their new training program has been implemented for all players.
optimum angles. It also suggests that for the initial injur@ur approach is based on the proposition that the precursor
other factors are likely to play a role. evant to a hamstring strain is microscopic damage in
It has previously been proposed that a measure mwiuscle fibres from eccentrixecise. It follovs that if it is
susceptibility ~ for hamstring strains is thepossible to reduce the muselelisceptibility for eccentric
quadriceps:hamstrings torque raffoOther obserations damage, this will lead to a reduced incidence of strain
suggest that this ratio is not a reliable predictor of strainjuries.
injuries1® We havecalculated quadriceps:hamstrings torque Pre-season training before weghe our study vas
ratios for the muscle of the pieusly injured leg, the mainly aimed at achieving greater aerobic fithess. The ne
muscle of the othemninjured lgy and for the muscles of program emphasised kicking and othexereises that
both legs in the athletes with no history of hamstringtretched the aet hamstrings. In addition, players carried
strains. Plotting ratios for muscles of ong laanst the out some specific, tgeted eccentric xercises. These
other lgy showed no significant difference for the pireusly  included “straight-legged deadlifts” and carrying out “knee-

As mentioned earliemore than one third of all AFL

injured lgg (Fig. 3B). curls” on a GHG (gluteus-hamstringasgrocnemius)
. ) ) o machine. Br players who had incurred a hamstring strain,
The “repeated bout effect” from eccentric training initially a rather mild program ofxercise was gien and

We have all had the experience that a period 0}his was gradually increased as the subjectvezed from

unaccustomedxercise, biased twards eccentric x@rcise, the injury.

like walking downhill, le@es us $iff and sore next day ki In th.fh 2,[?101 Isebas?n, r\]NZiCh wats dbefotret \I'ngabfe
However the same xercise a week later is followed by working wi e club, the had reported a total o
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Figure 3. A:A plot of the optimum angle for torque in hamstrings for the left, or theddjlay against optimum angle for
the right or the uninjued ley. Data from 9 athletes with a @vious history of a unilateral hamstrings strain (filledat@s)
and from 18 athletes with nogyous history of strain injuries (open circles). The dashed line indicatesewaletres would
lie if they were equal. Optimum angle has beerpeessed in dgrees of knee flexion, wiee€f is when the knee is fully
exended and 110° when it is fullyxéd. Optimunmangles for the m@viously injured muscles werat sgnificantly shorter
muscle lengths, that is, a neoflexed kneethan for muscles with no history of injuryigbre redrawn, in part, fom Bock-
ettet all4).

B: Ratio of peak torque in quadriceps to peak torque in hamstrings. Values for athletes veiMoaspnistory of unilateal
hamstring strains shown as filled circles. Values from athletes with no history of injury shown as open cifeteacesf
in ratios between injured and uninjured musclesewvet significant.
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Predicting hamstring strains

hamstring strains amongst playerafter introduction of
the nev training program, 5 hamstring strains were reported
during the 2002 seasonof~the 2003 season, the club

6. Morgan DL. New insights into the behavior of muscle

during actve lengthening.Biophys. J 1990; 57
209-221.

reported only 2 hamstring strains. This data remains Talbot JA, Mogan DL. Quantitatve aalysis of

preliminary but is encouraging. Currently testing is
continuing and other AFL clubs are beginning to
participate. So we are hoping that in the future widespread

sarcomere non-uniformities in a@i nuscle
following a stretchJ. Muscle Res. Cell Motill996;
17: 261-268.

implementation of a program of targetted eccentxgaise 8. Whitehead\P, Morgan DL, Gregory JE, et al. Rises in

will lead to a dramaticdll in the incidence of hamstring
strains.

Conclusions

The outcome of this first cooperai gudy has
ohviously delighted the AFL clutBut it has also pndded
additional supporting evidence for our proposal of a link
between the microscopic damage routinely incurred aft P
eccentric gercise and deslopment of a more major muscle
tear If protection against eccentric damage can be aethie
with a regular program of eccentrigeecise, this will be the
means of pneenting the occurrence of all such strainll'
injuries. The eidence suggests that in athletes with a
history of unilateral hamstring strains, the uninjured muscle
is indistinguishable in its properties from muscles o
athletes with no history of such injuries. It m#yerefore,
male it difficult, at times, to detect at risk athletes in a
uninjured population. It means that all participants in sporrﬂs3
known to be associated with the occurrence of hamstring
strains should be subjected toguar eccentric xercise
programs, carried out in combination with measurements fil
optimum angle for torque, to malaire that the xercise :
has led to the desired adaptihanges.

Now it remains for other AFL clubs, indeed, other
sporting bodies confronted with the problem of hamstringJS'
strains, to participate in similar training programs, to help
eliminate this kind of injury.
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Summary 1 in 3500 male births. The disease is characterized by
) o ] progressie muscle wasting and weaknesaffected bgs

1. Stretch-induced muscle injury results in theye ysually confined to a wheelchair before the age of 12
damage which causes reduced force and increasgty die in their late teens or early twenties through
membrane permeability This muscle damage is partly yegpiratory muscle failure. 8eral studies hee sown that
caused by ionic entry through stretch-eatgd channels gy muscle fibres (an animal model for human DMD) are
and blocking these channels with 3(§cbr streptomycin - more vulnerable to stretch-induced injury and the increases
reduces the force.deflc[t gssomated with damage. _in membrane permeability were gre&t@mDystrophin, the

2. Dystrophm-deflClent.muscles are more susceptlbﬁrotein absent in DMD and thadx mouse, connects the
to stretch-induced muscle injury and the sy from  cyiosieletal network to the sarcolemma, and is thought it to
injury can be llncompletey\/e have fggnd that Na entry provide mechanical reinforcement to the sarcolemma and
associated with stretch-induced injury is enhanced |finimize damage induced by contractile wtgiin normal
dystrophin-deficient muscles and that blockers of stretchyscle However the reasons whabsence of dystrophin
activated channels are capable ofyerting the ionic entry cayse increased in susceptibility to stretch-induced injury

and reducing the muscle damage. ~and the sequence ofvemts leading to muscle necrosis
3. A model is presented which proposes link$emain unclear.
between stretch-induced injygpening of stretch-aci@ted In recent years, attemptsveakeen made to replace

channels, increasedvis of intracgllular ions and'arious or transform the defeet dystrophin gene using genetic
forms of muscle damage. While changes in Na ,hnroaches such as viral and plasmid vector thesad
accompay stretch-induced muscle injuryve kelieve hat  coprectie gene comersion therap. While such approaches
changes in G4 probably hae a nore central role in the have been efective in the mdx mice®10 in humans these
damage process. therapeutic strategies Ve rot so fr been of therapeutic
value because of inefficiencies in the defery and
expression of the very large dystrophin gene and because of
Muscles which are stretched during contraction afigimune responses to parts of the expressed dystréphin.
susceptible to damage particularly when therase is In this review we focus primarily on the mechanisms
prolonged and unaccustomed. It is widely agreed that damage associated with stretch-induced damage in both
stretch-induced  injury  includes  both  structuravild-type andmdx muscle fibres. Specificallyve dscuss
disoganization and changes to ionic regulation of théhe evidence that the activity of the stretchabtid (or
muscle fibres. The structural and functional changes includi®echanosensit®)  channels  after  stretch-induced
focal sarcomeric disgenisation, increase membranecontraction injury is enhanced. v@n the higher opening
permeability reduction in force, delayed muscle sorenesgrobability of stretch-aotbted channels imdxmyotubes'?
and reduction in joint range® Severely damaged fibres we postulate that this abnormally high activity provides a
may degenerate and this is then normally fedd by leak pathway for C& to enter the cell causing cellular
regeneration aswvidenced by force resery.# In normal damage. Blocking these channels mayigi® a therapeutic
individuals, this gcle of damage and repair lasts 4-6 daygpproach for reducing muscle damage in DMD patients.
and is associated with symptoms of transient musc
soreness, stiffness and weakneldswever in patients with
debilitating muscle dlseases,_the muscle dam_age_ M@&Ranges following stretch-induced muscle injury
frequently leads to degeneration and thgereration is
insufficient to compensate for damage. It has long been recognized that cellular and
Duchenne muscular dystropfDMD) is an X-linked ultrastructural damage occur following stretch-induced
genetic disease caused by the absence of the proteinscle injury in humans and animals. This includes
dystrophin. This desstating disease affects approximatelymyofibrillar disruption especially at the Z-lines and loss of

Introduction

e‘tretch-induced muscle injury in wild-type fibres
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Stretch-induced muscle dagea

the gtoskeletal proteins, such as titin and desiit® In Does [N&], increase following stretch-induced muscle
addition to the morphological abnormalities, a decrease damaye?
the force production and the shift of optimum length) (L

hae keen observed following stretch-induced muscle  If the mechanism proposed afgo for the
injury.16-18 development of vacuoles is correct, then a rise in [1Na

The ‘popping sarcomere hypothesis’ proposed ould followed stretch-induced muscle damage. test

Morgan'® suggested that when muscles are stretched durifilis idea we measured [Nawith a fluorescent indicator
contraction on the descending limb of the tension-lengfi®BF)- Following the stretch protocol, [Nk rose from the
relation the sarcomeres shonon-uniform increases in 'esting leel of 7.3+ 0.2 mM reaching a meleve of 16.3+
length. Ingeneral the weakest sarcomere will stretch firdt® MM. It is interesting to note that the rise of TNa
making it weakr still and then it will stretch rapidly to °ccurred slowly takingS-10 minutes to reach to a steady
some maximum set by structural proteins in the sarcometéite. o ) )
i.e. it will ‘pop’. If lengthening continues after the weak To determine if the rise was caused by increaseti Na
sarcomere has ‘popped’, then thexneeakest sarcomere iNflux, the stretch protocol was performed in aviNa*
will elongate. It is likely that repeated lengtheningsolution. This solution eliminated the rise in [Ng
contractions lead to increased numbers of disrupt&ydgesting that Nanflux from the extracellular spaceas
sarcomeres in which the myofilamentsil f to re- responsml(_a. d determine whether inhibition of_the l_\la
interdigitate. Furthermorethe werstretched sarcomeresPUMP, for instance by damage to the pump or isolation of
increase the series compliance so that there is a shift in {8 Pump within sealed of-tubules, contributed to the rise
active length-tension relation to longer muscle lengths. Thf [Na']; we performed experiments in ouabailocking
shift following stretch-induced damageasvfirst described the N& pump with ouabain caused awldse of [Na]; but
by Kat2° and subsequently confirmed in whole musclef€ rise of [N&]; produced by stretched contractionasw
and humandl?4 Structural ®idence of werstretched further increased suggesting that the this rise was not
sarcomeres was obtained by electron microgaddiibres caused by inhibition of the N@ump:®
fixed during contraction, and supported the non-unifor
sarcomere ypothesis. Theoccurrence of wer-stretched
sarcomeres after a single bout of lengthening contraction The SBFI e&periments establish that [Na rises
has been quantified and has beemshm account for more following stretch-induced muscle injuryut they do rot
than half of the stretéh identify whether the increase in [Nawas via membrane
The primary injury in stretch-induced muscle damaggears. Earlier xperiments hee established that resting
appears to be mechanical in nature with localisgbns of [Ca?*], also rises following stretch-induced damage and this
sarcomere inhomogeneities. There is also evidence thige may be the stimulus that trigger calciumyatéid
changes in excitation-contraction (E-C) coupling may plagroteases which initiate muscle fibregdreratior?? If Ca2*
a rle in triggering the biomechanical and biochemicaéntry were at sites of membrane damage one wouldce
changes following stretch-induced injualcium has long to obsere localised efestions of [C&"]. in the region of
been thought to play a central role in muscle dam&geoverstretched sarcomeresHowever published  studies
Earlier study in our laboratory on single wild-type musclghaved that the distribution of [éai was uwniform.30-31
fibres” shaved that both tetanic [, and force were One possible explanation for these findings is that the
reduced follaving lengthening contractions. Furthermore, &arcoplasmic reticulum rapidly sequesters2*Cavhich
persistent elegtion in resting [C&], was dso obsered enters the fibreFor this reason, imaging [Nk might be a
though the mechanism of this increase was uncle@etter strategy since there is nogkrand actie snk for
Another indication of increases in resting {Jaarises [Na*]. in skeletal muscles and detection of localised
from measurements of passitension which has been elevations might therefore be easier.
shown to rise after a series of eccentric contracfidns. We imaged [N4], with a confocal microscope Viag
One possible cause for the increase in resting'ICa loaded the fibres with sodium green. {Nancreased after
would be if Ftubules were forcibly disconnected from thethe stretch protocol consistent with the SBFI resuits b
surface membrane during stretch-induced injury causingmilar to the earlier [C4], experiments, no localised
increased membrane permeabilifio study this possibility elevations of [Nd], were detectedf These results probably
we performed experiments on single muscle fibres and usg¢@lude lage membrane tears but obviously small,
an extracellular fluorescent dye (sulforhodamine B) whicultiple, transient tears might vex escaped detection.
enters the Tubules. fllowing a series of eccentric (or Another possibility is that the Naentry occurs through a
stretched) contractions the-tdbules were found to be class of Na permeable channels which are open for ynan
distorted and extracellularazuoles attached to-tlibules minutes after stretch-induced muscle damage.
were observed. Previously it had been shown that such
vacuoles were a consequence of increasedigctf the Stretch-activated ion channels in skeletal muscle fibres
Na" pump as it remees excess Na from the intracellular
spacé® and we confirmed that theasuoles observed after
stretch-induced damage were alsovpnéed by inhibiting
the Na pump with ouabaid’

'Boes N4 enter through tearin the membrane?

One possible contrilfor to the increased membrane
permeability following stretch-induced muscle damage is
the involvement of stretch-aetited channels. trolvement
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of the stretch-aoteted channels leading to membranegreater damage than in wild-type muscle filjrés.
depolarization in rat muscle fibres after lengthening The gtoskeletal protein dystrophin is thought to
contractions has been reporfdThese results suggestedprovide mechanical reinforcement to the sarcolemmal
that membrane depolarization was due to an increase'in Naembrane and minimize damage induced by contractile
permeability and the accompanying increase it iNBux.  activity in normal muscles. Since dystrophin normally
Stretch-actiated channels of various ionic seleites hare links the contractile proteins to the DGC membrane
been found in mancell types including striated muscl&s. comple it may prevent the relatre novement between the
These channels were first described in cultured chickyofibrils and the suaice membrane. In the absence of
embryonic skletal muscle cell® They respond to dystrophin there may be relati movement between the
mechanical stress by increasing the open probdBifity myofibrils and the Fubules which attach to the sade

and act as membrane-embedded mechano-electrice@mbrane and then pass perpendicularly through the
switches, opening a lge waterfilled pore in response to myofibrils. Relatve novement would therefore be
lipid bilayer deformations.This process is important in a expected to damage both thetubules and the suate
wide array of cellular activities such as volumgulation, membrane. Anothepossibility is that the dystrophic cells
electrolyte homeostasis and sensory transduction, andaig often abnormal in shape (branching, tapetiag)that
critical to the response ofving olganisms to mechanical stretch might be more prone to cause cell damage because
stimulation3>-36  Non-selectie dretch-acwated cation of the non-uniformity in shape.

channels pass €aas well as Naand K, whereas others Apart from mechanical reinforcement, it has been
classes of mechanosensiti channels are seleedly suggested that dystrophin isvalved in the clustering of
permeable to Kor CI.37-38 ion channels within the sarcolemma. Using the raarge

Gadolinium (GdY) and streptomycin ha& tkeen quench technique, the membrane permeability for cations
reported to block stretch-acsied channel$é3%42 They has been shown to be dwimes higher in restingndx
have keen used to inhibit cation-permeable stretchvatetii muscle fibres than the wild-type fib¥sThese authors
channels in cardiac and edktal muscle cells. Although shaved that this leak channelas blocked by 50 uM Gt
Gd®* is the most widely used blocker of stretchazattid raising the possibility that a stretch-aeted channel might
channels?#3 it is relatively non-specific blocking L-type be involved. Thisidea is also supported by patch-clamp
C&* channels? store-dependent €achannel® and Cli  recordings frommdx myotubes in which single channel
channel® though generally with Ilwer poteng. actvity was recorded and stretch-semviyi tested by
Identification of the physiological role of stretch-matéd applying suction. The results skhed a 3-fold higher
channels has been hampered by the absence of spedifiening probability of the stretch-aaied channel€ in
channel blockers or agtitors. The spider enom peptide mdxcompared to wild type fibres. As these channel& ha
GsmTx-4 described by Sachs and colleafjuisstne most been shown to be present in the sarcolemma, and are non-
potent and specific inhibitor of stretch-meted ion specific cation channels allowing influx of Tand N4,
channels described so far. this pathway could contrilte to the eleated resting [C%l*]i

Given the failure to detect localised Nantry in our and [Nd],. Furthermore, stretched contractions can result in
imaging eperiments, a blocker of stretch-aeted actvation of these channels, and the resulting*Gaflux
channels (Gt or streptomycin) was applied for 10 mincan trigger C&-dependent proteolysis and leack@ually
following stretch-induced damage. Not only did theéo muscle necrosis.
blockers preent the increase of [N after the stretch _ ) )
protocol but it also prented part of the force defidtwe Stretch-activated channel blogs in the pewention of
hypothesise that stretched contractions open stretcHfetch-induced muscle dage
activated channels and aWoinflux of Na and C&* ions.
The consequent rise in [Naactivates the NaK* pump
and the efflux of Naand HO through the Fubules is

thought to cause theaguoles. Thencreased [CH]; may fibres following stretch-induced muscle damage. Single

actvate proteases and phosph_o lipases \_Nh|cdause mdx muscle fibres were isolated and loaded with sodium
membra‘?‘? damage a_QS the increase in membra&eeen for examination under confocal microsctdpWe
permeability (see Fig. 2§ shav that [N&], in mdx muscles (15.4t 1.1 mM) was
Stretch-induced muscle damage imdx muscle fibres higher than control (9.2 1.1 mM). Similar to othemdx
muscle studie®/ there was a greater reduction in force
Function of dystrophin in the gwention of stretch-induced following lengthening contractions than in wild-type fibres.
muscle damge We dso obsere a sgnificantly greater rise in [N

) following lengthening contractions than in wild-type fibres
Duchenne muscular dystroplfDMD) is caused by (see Fig. 1A).Just as in wild-type fibres, the increase in

mutations in the dystrophin gene whichver dystrophin - [Na*). was wniformly distrituted across the cell and there
expression. Lackof dystrophin causes disruption of theyas no aetectable localized efetions. Gien that Gd* and
dystrophin-glycoprotein compte (DGC) and results in streptomycin reduced the weited [N&] in wild-type

sarcolemmal instabilityStudies performed on dystrophic fipres we applied these stretch-gated channel blogs
muscles hee $owvn that lengthening contractions induce

The abee results suggest that €aleak pathvays
which may be stretch-agtited are more pralent in mdx
fibres. W therefore tested the changes in Nan madx
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Figure 1. Na* fluorescencedllowing strett-induced injury in wild-type andndx muscle fibres.The fibres wer loaded

with sodium geen and the fluorescence intensity was normalised to the initial value at the start of the experiment. Note that
the initial fluorescence signal was adjustedrfadx muscle fibres based on timevivo calibration procedures.

Panel A, there was a rise in Nafluorescence after the stich-induced injury potocol in both wild-type anthdx fibres lut

the rise inmdx fibres was significantly highet significantly lamger than initial wild-type control: # significantly lger

than initial mdx control (P < 0.05).

Panel B, under control conditions, Gt has no g&ct on wild-type fibres but lowered the*Naiorescence in thedx fibres

to the level of the wild-type fibres. The fibres underwentetdstinduced protocol and Gd was applied immediately for

10 min (as indicated by the tsr G&* eliminated the rise of sodium green fluorescence following thttsin both wild-

type andndxfibres. Values & nean+ S.E.M.

to the mdx fibres immediately after the stretch protocoforce was impreed to 9% £ 5 % of the control.

(Fig. 1B). Similar to the wild-type muscle data, not only did Based on these results, we postulate that the increase
both agents eliminated the rise of [Ndut, in addition, the in Na" permeability is caused by increased opening of the
force deficit was reduced. After the stretch protocoimaix  stretch-actiated channels, and blocking these channels is
muscle fibres, the forceas reduced to 2& 3 % of the capable of preenting the rise of [N, and, more
control value at the original lengtbbut when Gd* was interesting, the force deficit. Furthermore, it is possible that
applied during or immediately after the lengtheninghe increased resting [€% observed’ was caused by
contractions, the forceas improed to 46 + 4 %. When the increased actity of these stretch-astited channels.This
muscle fibres were stretched to thevmptimum length, the increased [CH], may be responsible for the initiation of
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Stretched contractions
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Increased opening of stretch activated channels Stretch-activated
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Figure 2. Working hypothesis linking stretie-activated channels, ionic changes and muscle damagée causes of
force reduction following sétch-induced muscle injury could be: (i) samee inhom@eneity (not shown here) and (ii)
damaye aising through increased opening of theesth-activated bannels. ltis likely that the opening of stich-acti-
vated channels is a consequence ofsaree inhomaeneity. In wild-type ormdx muscle fibres, elevated levels of [la
has been shown caused by the increased activity of #tenstictivated channels. One possibility is thatvatens in est-
ing [Ca2+]i which occur following stetcdh-induced injury a& a onsequence of Gainflux through the satch-activated
channels. It is possible that the associated inflammatespansemuscle weakness and pain observed followingtair
induced injury is caused by increased?Calf the stetch-activated channel blters (Gd®*, streptomycin, GsmTx-4) ar
capable of peventing the cascade of events followingeth-induced injurythey may piove valuable in reducing muscle
damaye

protease activity causing damage to the SR' @alease different genetic approaches. The exact role of dystrophin

channel and to the membranElevations in [C&*]i hase in the regulation of stretch-aeted channels is not certain

been shan to induce inactietion of E-C coupling but we have evidence that these channels are abnormal in

associated with a decrease in tetaniczf];aand reduction muscular dystrophand cause part of the stretch-induced

in force®?%3 The disruption to the membrane &® muscle damage. The various bleck of the stretch-

leakage of the intracellular contents out of the muscle celistivated channels and their capabilities ofverging C&*

and as edenced by eleated serum beels of muscle and Nd meant that thehold as potential therapeutic agents

enzymes and accumulation of inflammatory cettSsAn  to overcome irre@ersible muscle damage in DMD patients.

overview of this hypothesis is summarised in Fig. 2. However much work remains to be done before this therap
The force deficit praeides an indication of thexeent can be applied to patients.

of muscle damage and the results seem to suggest that the )

stretch-actiated channel blockers can protectamgt Conclusion

muscle damage at leastvep the 30 min post injury

Whether these blockers are capable x#teng protection

for longer term damage is uncertaiblevertheless these

findings hae potential implication in the treatment of DMD

patients.

Dystrophin deficieng is the precipitating feature in
the muscle pathology of patients with Duchenne muscular
dystroply. The role of dystrophin in normal muscles
remains unclear; possible roles include contributing to
structural stability by connecting thestoslkeleton to the
Clinical applications dystrophin-asssociated proteins in the membrane and

contributing to channel function by anchoring and/or

DMD is a chronic, dgeneratie dsease and there is regulating ion channels.One channel whose function is
no efective reatment at present despite attempts usirgjtered in the absence of dystrophin is the stretchiateti

Proceedings of the Australian Physiological and Pharmacological Society (2804) 35



Stretch-induced muscle dagea

channel which allows increased influx of ‘Nand C&*
following stretch-induced injury The alteration of CH

homeostasis in muscular dystrgptmay be responsible for 14.

muscle dgeneration. Consequentlglockers of stretch-
activated channels may f@ terapeutic potential by
reducing stretch-induced muscle damage in DMD patients.

15.
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The role of contraction-induced injur  y in t he mechanisms of muscle dama ge
in muscular dystrophy

Gordon S. Lynch

Department of Physiology,
The University of Melbourne,
Victoria 3010,
Australia

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 imestigating 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 reltisisceptibility of dystrophic lamina; and the help facilitate uniform sarcomere length

(and otherwise healy muscles to contraction-inducedPetween fibres, at rest and during contrac’cb'llh
injury. These protocols e keen used successfully toDystrophin has also been found at the myotendinous
determine the rela dficag of different (gene, cell, or junction and has therefore been postulated to play a role in

pharmacological) interventions designed to ameliorate 8}€ transmission of force to tendoiis:

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

to costameres and thus stabilize the sarcolemnamstg

physical forces transduced through costameres during

Duchenne muscular dystroply 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-lingd myopath caused by a ariety of gjgning mavements (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 Evidence for a functional 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

therapeutic strategies for muscular dystsoph
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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 forég,and the New directions for clinical strategies: Protecting

alignment of sarcomeres, particularly during stretches gfstrophic muscles from 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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