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Summary Introduction

1. Repeated activity of skeletal muscle causes a lonic changes are central to the wityi of muscle.
variety of changes in its properties; muscles become @veaklhe action potential is caused by rapidveroents of Na
with intense use #tigue), may feel sore and weak afteinto the cell and Kout of the cell. The action potential in
repeated contractionsviolving stretch, and can denerate the Ttubules triggers rapid release of Lafrom the
in some disease condition3his review considers the role sarcoplasmic reticulum into the myoplasm where it binds to
of early ionic changes in the \dlopment of each of these troponin initiating cross bridgeycling. An early source of
conditions. enegy is the anaerobic breakdown of glycogen whose

2. Single fibre preparations of mouse muscle wengroducts are lactate and protons. Thus changes in the
used to measure ionic changes following végtinduced intracellular concentrations of NeCa?* and H all occur as
changes in function.Single fibres were dissected withpart of normal muscle aetty. In the studies described in
intact tendons and stimulated to produce forf€lelorescent this review we ae concerned with the changes in muscle
indicators were micro-injected into the fibres to wllo function which accompanrepeated actity. We show that
simultaneous ionic measurements together with mechaniealch of the ab@® ations can change during repeated
performance. muscle activity and analyse Wudhis changes contnitbe to

3. One theory to xplain muscle fatigue is that it is muscle function.
caused by accumulation of lactic acid producing an Our approach to these issues has beenvdagethe
intracellular acidosis which inhibits the myofibrillarsingle mammalian muscle fibre preparation first described
proteins. Incontrast we found that during repeated tetarily Lannergren and ¥gterbladl Single fibres are dissected
there was little or no pH changeitbfailure of calcium from the flexor brevs muscle of the mouse, clips are
release was a major contributor &tijue. Currenthit is attached to the tendons at either end and the muscle fibre
proposed that precipitation of calcium and phosphate in than then be attached to a tension transducer and a motor to
sarcoplasmic reticulum contributes to the failure of calciunmpose length change<€lectrodes running parallel to the
release. fibre allov stimulation. Normallyfibres are continuously

4. Muscles can be used to shorten and produce forperfused by a physiological salt solution with ptffered
or they can be used to deaccelerate loads (stretched iy HCQ,/CO,. These fibres can be penetrated with
eccentric contractions).A day after intense »ercise microelectrodes and microinjected with fluorescent dyes or
involving stretched contractions muscles are weak, sore am@ry other substances e.g. ions, drugs, peptides, proteins,
tender and this damage candaakweek to receer. In this DNA plasmids. Atthe end of the experiment fibres can be
condition sarcomeres are digamised and there are fixed for light or electron microscgpor subject to
increases in resting intracellularTand Nd. Recently we immunofluorescence. Thattractions of this approach are
demonstrated that the edtion of Na occurs through a that aly sequence of stimulation (twitches, tetani, repeated
stretch-actiated channel which can be blocked by eithein ary pattern) or contraction type (isometric, shortening or
gadolinium or streptomycin.Preventing the rise of [Ng, lengthening) can be imposed on the fibre and the force and
with gadolinium also preents part of the muscle weaknesdluorescence can be monitored from a single cell during
after stretched contractions. activity. In the eperiments described in thisview we

5. Duchenne muscular dystrophis a lethal have wed fluorescent €4 Na* or pH indicators to allw
degeneratie dsease of muscles in which the proteircontinuous measurements of these iokéith use of an
dystrophin is absent. Dystrophic muscles are moreimaging microscope the distribution of these ions within a
susceptible to stretch-induced muscle damage and tiagle cell can also be determined.
stretch-actiated channel seems to be one pathway for the .
increases in intracellular €aand N4 which are a feature Musclefatigue
of this dise_aseWe haverecently _sh_wr_1 that blockers of the It is a common xperience that the performance of
stretch-acuateq channel can minimize some of _the Shortr'nuscle gradually declines when muscles are used
term damage in muscles from thelx mouse, which also
lacks dystrophin.Currently we are testing whether bleck
of the stretch-actated channels gen systemically tomdx
mouse can protect against some features of this disease.

repeatedly at near their maximum forc€his decline of
performance, or musclatigue, is reflected in reduced force
production, reduced shortening velocity and a slower time
course of contraction and relaxatio@f course muscles
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Figure 1. pH has minimal role in muscle fatigue.

Panel A shows measurement of myoplasmic pblutiinout a period of fatigue caused by repeated brief tetani. Daita fr
single mouse muscle fibat 2°C. Notethat myoplasmic pHhanged little despite the delopment of fatigueData from
Westerblad & Aller. Panel B shows tetanic force from mouse single fibres a¢ ttiferent tempeatures (12°C, 22°C and
32°C). Ateath temperatue three tetani a& shown with intracellular pH modified byhanges in external [CG). From
above down, the intracellular pHs arespectively 0.5, 0 and -0.5egter than the restingvel. Notethat the effect of a 1
pH unit dange in intracellular pH is mub greater at 12°C than at 32°CTension or force measurementeamnrmalized
as the force per cross-sectional area of theeféd are quoted in units of kiPwhere a Rascal is one Newton mett. Data
from Westerblaet al® (reproduced with the permission of the copyright holder).

can be used near their maximal capacity inyrdifierent the commonest presenting symptoms in medical
actvities e.g. maximal continuous isometric contractionsconsultationd Of particular importance is the fact that all
such as lifting a piano, repeated contractions such @klerly humans suffer a gradual loss of muscle mass and the
running 100 m or a marathon, repeated stretchednsequent weakness and rapid fatigue duriregyeday
contractions such asalking down a mountain and itould actvities contriute to the loss of mobility and
be expected that these different activitiesuld afect independence. Singlefibores can be useful in the
muscle function in different ays. Equallimportant magy investigation of mag of these situations by appropriate
different diseases causeebital muscle weakness e.g.choice of conditions.

muscular dystrophies, cardiac failure, renailufe, The present rgew will consider the muscleatigue
stanation, chronic infections etc. and sayg dhow that caused by repeated short isometric tetani e.g. Figs 1 & 2.
complaints about muscle weakness and fatigue are amartgese figures shwthat when short (0.3 s) maximal tetani
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are repeatedvery few seconds, the force produced declineseduces force by about 11%.
to 50% within a fe&v minutes. Thetime scale of this To um up, acidosis has little direct effect on the
experiment is similar that wolved when running 1-2 km or force production in mammalian muscles studied at
swimming 200-500 m and it seems reasonable to suppgs®siological temperatures (forview see ®). However it
that the intracellular mechanisms within the muscles aremains true that production of lactic acid is of great
similar. importance in xercise physiology and the training of
athletes. Whenglycogen is consumed anaerobically to
produce lactic acid, the T# production is 3 ATP per
Since the pioneering research of AMil, the glycosyl unit Whe.reas aerobic metabolis_m within the
accumulation of intracellular lactic acid has been gntochondna Sl_Jpphes 39T/.P per glycosyl unit. Thus, the
dominant theory of muscle afigué. Lactic acid glycogen store is more rapidly depleted when large amounts

accumulates in marintense fatiguing gimes and can lead of lactic acid are produced anaerobically and muscle

to an intracellular acidosis of about 0.5 pH units. There ab rformance IS saerely depre;sed at\)oglycoggn lgels.
two major lines of evidence that vebeen used to link this Also high lesels of lactic acid in the blood contribute to the

decline of intracellular pH to the contractile dysfunction ir@scpmfort and breathlessness Whe_n performing at close to
fatigue. First, studies on human muscle fatigue of rapfa'ax'mum lgels of oxygen consumptiof
onset hee dten shown a good temporal correlationgge of intracellular calcium in skeletal muscle fatigue
between the decline of intracellular muscle pH and the
reduction of force or peer production. Second, studies on Given that changes in intracellular pH are not the
skinned skletal muscle fibres kia siown that acidification main cause of fatigue, we examined the role of intracellular
reduces the isometric force by a diredeef on the isolated calcium. Theclassic work of Eberstein and Sand(1963)
myofibrillar proteiné. first suggested that changes in \&tion played an
We therefore measured the intracellular pH in ouimportant role in dtigué'. They fatigued intact muscles
mouse single fibre model dditigue and found, to our initial with repeated tetani until forceas greatly reduced and
surprise, that thereag only a small acidosis of around 0.06hen increased the Jd of activation by increasing
pH units (Fig. 1A). Later we showed in the samexracellular K or application of caffeine; both agents
preparation that if the dutyycle (fraction of time the fibre cause increased &€a release from the sarcoplasmic
is stimulated at 100 Hz) was increased the musategued reticulum (SR). Both these manoeuvres increased force
more rapidly and the acidosis was greatéife dso found substantially in the fatigued muscle suggesting that a
that blocking the lactate transporter with cinnamateeversible failure of actiation was an important contnitbor
substantially increased the magnitude of the resulting fatigue. Arecent &ample of this approach is shown in
acidosi§. Both these results suggest that lactic acid iBig. 2A which illustrates he a noderate concentration of
produced during intense stimulation but cavéethe cell at caffeine can reerse much of the decline of force in a
a abstantial rate on the lactate transporter anfdtigued muscle. The rise in intracellular calcium
consequently the intracellular acidosis is redud@dcause concentration ([C%]i) which actvates the contractile
it is intracellular acidosis which affects the contractilgroteins (Fig. 2B(i)), initially increases tetanic fa(Fig.
proteins, it would be predicted that in longer or less inten@8(ii)), but then tetanic [G4], declines during fatigue (Fig.
stimulation protocols the acidosis would be smaller and thaB(iii)). Agents such as cétine, which increase the
fatigue caused by this component would also be reducexpening of the SR Ca release channels (ryanodine
These gperiments are compatible with the idea that whereceptors), can increase the amplitude of tetanic’-*IICa
intracellular acidosis does occur it contributes atighie (Fig. 2B(iv)) and thus wercome much ofdtigue. Thughe
but, more important, themake it dear that there must be partial failure of SR CH release is accepted to be one of
alternatve mechanisms ofdtigue which dominate when thethe causes of muscle fatigéd*
timecourse is greater than aveninutes and are unrelated What causes the reduced?Caelease which can be
to acidosis. reversed by cdeine? Inrecent years it has become
Recent experiments & st further doubt on the increasingly clear that increased igavic phosphate (P
lactic acid theory Early experiments shwaing that acidosis can affect fatigue oelopment by acting on SR €a
reduced the force produced by the myofibrillar proteinsandling (for reiew se€®). Studiesn intact muscles sho
were generally performed at room or lower temperaturethat the resting [P is 1-5 mM 16 while during intense
When such xperiments were repeated nearer bodgontraction it can rise to 30-40 mM. It is dready
temperature, the magnitude of the inhibitory effect oéstablished that increasing]J[Preduces crosshbridge force
acidosis was found to be muchvier’. This is also true for and C&*-sensitvity of the myofilament$ and probably
intact fibres and Fig 1B illustrates the inhibitory effects ofontritutes to the early fall in force (within 1 min) st in
changes in intracellular acidosis produced by changes fig. 2A. There are seral mechanisms whereby might
extracellular CQP; in each panel the smallest tetanus is Influence SR C# !5 here we consider only the €a
pH unit more acid than the Gast tetanus. Note that atprecipitation theory.
12°C an intracellular acidosis of 1 pH units reduces force  The solubility product of Ca and Pis 6 mM  and
by about 47% whereas at 32°C the same acidosis omhys product can bexeeeded in the extracellular space

Lactic acid asthe cause of skeletal muscle fatigue
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SR C&* stores in the expectation that the?Cavailable for
release might decline if free €abecame sequestered as
0w ) precipitated CaRwithin the SR.4-Clorom-cresol (4-CmC)
(i is a drug which, lik caffeine, rapidly opens the SR €a
channels allowing most of the rapidly-releasable SR ©@a
' enter the myoplasm. Thus in Fig. 3 the initiartical line
Tmin caffeine represents the rise in [E“f@I caused by tetanic stimulation
while the application of 4-CmC produces agkr and
10} (i) (i) (v) slower rise in [Cé*]i whose magnitude represents thé*Ca
caffeine available for release in the SRNote that during fatigue the
peak tetanic [C?e‘t]i signal rises and then falls and that in the

! fatigued muscle, a second 4-CmC application shows the SR
JML m Ca* content to be reduced. Both the tetanic’f(and the
o SR C&" content receer over the next 20 min.
is

Measurements of the SR Taconcentration ([CH]p)
using a C#&" indicator located in the SR V& dso shown a
decrease in fatigued cane toad fibtes

>

Force

o}

[Ca ]y (MM)

Figure 2. Muscle fatigueis partly caused by failure of SR
Ca?* release. _
Panel A shows force productionofn a mouse single fibr Fatigue
stimulated to give repeated brief tetani aagually reduc- 2000 ~ 4CmC

ing intervals until force had declined td10% of contol.

At that time cdgine (10 mM) was applied whigewersed
mud of the decline of fare Panel B shows [C%l“]i records

of selected tetani fronxperiments similar to Panel A. (i) is
the first tetanus, (ii) is at the end of the early decline of
force (iii) is a fatigued tetanus just befthe addition of
caffeing and (iv) is in the pesence of céine These data
show that a cdgéine-ewersible decline in tetanic [C?éi]i is
responsible for muc of the late phase of decline of e
Figure reproduced from Allen & Westerbf&d

4-CmC

4-CmC

U e

[
60 s

[Ca®™], (M)

Figure 3. SR Ca?* stores decline during fatigue.
[Ca2+]i recorded fom a single cane toad fiofrom the lum-
resulting in the production of bonen the intracellular brical muscle at 22°C. The firstcod shows a single short
ervironment the very M [C&'], generally preents tetanus followed byll0 s application of 4tdoro-m-cresol
precipitation but in the SR the [é‘;aSR: 1mM, so if [Rlg5 (4-CmC). Thisdrug opens SR Carelease channels and
exceeds 6 mM then Cafill start to precipitate. Thus if,P the lage fise in [C&*], represents the amount opidly
enters the SR during fatigue, this could result in ,CaFeleasable SR 4. 9milar results can be obtained with
precipitation and hence decrease th&*Caailable for caffeine The fibe was then ested for 20 min and then
release. fatigued with epeated brief tetani until the tetanic der
This mechanism has recentlyiged support from (not shown) was reduced to 40%4-CmC was theneap-
studies using mandifferent experimental approaches. Inplied and the amount of rapidly releasable SR*Oaas
initial experiments on skinned fibres with intactubular- reduced compared to cootr Thefibre was then rested for
SR system it ws shown that increasedd®uld depress SR 20 min and showed acovery of tetanic [C&], and the
Ca* releas#’. These authors also provided indirectapidly releasable CH. These data show that thepidly-
evidence that Pmay reach a concentration in the SR higheleasable C&" in the SR star ceclines during fatigue and
enough to exceed the threshold for CpRecipitation. A recoves dfter a period of est. Adaptedrom Kabbaa &
second indication that, has effects other than directly onAllerf®.
the myofilaments came from a study in which vitss
directly injected into muscle ceffs We were expecting to
see reduced force and_ Laensitvity due to the_ direct creatine kinase knockout mouse as anothery wo
effects of Pon the myofilaments b.Ut’ to our surprise, thesﬁ‘lyestigate this possibilitf®. In this animal, because of the
effects_ were hardly apparent an_d instead there was a dra%%ence of creatine kinase, the usual rise;afbBerved
rgductlon in SR C4 release which causegl a fall in fOrce'during fatigue is absentThey found that in muscles which
ISmcelz thbe expected effectj ﬁf &n myofﬂlﬁm_er_lts ;N:drbe lack the rise of Pthe late decline of tetanic [€4 during
argely absent, we reasone that most of the inject fatigue was delayed. Thus results obtained withréety of
entered the SR, precipitated as Cald consequently experimental approaches suggest that, @aécipitation in
reduced SR Cérelease. the SR is a possible cause of reduced tetanié*[da

Another approach to this issue has been to measlfgﬁgue

Dahlstedt and colleagues Mea made use of the
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The CaPprecipitation theory is obviously dependent). To test whether the reduction of tetanic qua
on the ability of Pto move from the myoplasm to the SR. contrituted to the reduced force production,feiafe was
The SR membrane contains small conductance chloridpplied and shown to increase both the tetanié*[ICand
channels, which conduct; B2 and may be the pattay force after stretched contraction3his result establishes
involved?3. Interestingly the open probability of thesethat part of the weakness faling stretched contractions is
channels increases atoATP. This dependence onTR caused by reduced &aelease which can bev@come by
can explain one apparent weakness of the hypothesis tbafeine. Theresults also suggests that the SR*Gtore is
raised [F, causes CgPprecipitation in the SR: [P not greatly affected since ¢aine was capable of increasing
increases relately early during &tiguing stimulation while Ca&* release and implies that the defect in release lies in the
the decline of tetanic [C%é]i generally occurs quite late. action potential or its coupling to the release channel or the
Moreover, in mouse fibres the decline of tetanic qu':l release channel itselfHowever the mechanism of the
temporally correlates with an increase in ®jgwhich disturbance to »itation-contraction coupling remains
presumably stems from a net breakdoof ATP?4, and it is  uncertain.
not obvious wig CaP precipitation in the SR should sha
temporal correlation with ATP breakan. The ATP-
dependence of the presumed SRclfannels canxplain 10 stretched caffeine
both why P, enters the SR with a delay andywhere is a contractions

temporal correlation between decliningA and declining
tetanic [C&"].. ca?]
Stretch-induced muscle damage ﬂ\

Muscle damage is a common consequence of inte T TTTTTTTTTTTTTIIIIIIees
muscular actiity?® and is more sere when the aatity
involves stretch of contracting muscles (eccent

contraction). In this ngew the term ‘stretched contractions

is used to mean contractions in which the muscle o'

stretched by an external fofée Following repeated ﬂ ﬂ
stretched contractions, particularly by untrained subje:

the muscles »hibit an immediate weakness andeothe —
subsequent days theemain weak but also become tende
painful and sti’. These changes can &k week to fully
recover. Figure 4. Stretched contractions cause a decline of
The cellular mechanisms which underlie tthtanic[CaZ"]i which can be reversed by caffeine.

immediate weakness and the subsequent muscle damggfire ows epresentative tetanic [c?a]i and foce
following stretched contractions Ve two separate records from a mouse single féor nitial [Ca®*], and foce
components. Fride(1981) performed electron microsgop are an sometric contl obtained at |, (the length at whic
on humans muscle biopsies follog stretched contractions maximal tetanic tension is observedjhe next two fae
and shwved that the sarcomere structure was disturbed witbcords ae the first and last (10th) sttched contractions in
overstretched sarcomeres andawy Z-lines distriuted  which the fibe was stetched by a motor &m LtolL,+
randomly throughout the affected fibtésMorgan (1990)  409% over 100 ms. The xtepair of recods ae an sometric
pointed out that sarcomeres are unstable on the descendignus at |, after 20 min ecovery The last pair of ecords
limb of the length-tension cuey particularly when show that caffeine canvercome the reduced tetanic
undegoing stretck’, and that this can lead inddual weak [(:&12+]i and partially lestoe the foce These data show
sarcomeres to suddenly stretch (popping sarcome®e®h  that stetc-induced muscle dama @uses a reduction in
overstretched sarcomeres normally reinterdigitate duringtanic [C;}+]i which is partly responsible for the decline of
relaxation bt after repeated stretched contractionforce Time scale applies to ehdetanus; the time between

increasing numbers of sarcomeres will fail to reinterdigitat@tani was variable Adapted from Balnave & AlléA
and areas of werstretched sarcomeres may gradually

extend.

The earliest changes of sarcomere structure can be Another component of stretch-induced damage is an
obsered within a single stretched contracf®® and are [Ncréase in membrane permeabilitFor example, both
probably the initiatingdctor in damageNevertheless there Serum albmin and the fluorescent dye orange procioreha
is good evidence that changes ircieation-contraction PE€N shen to enter some damaged fibres after a series of
coupling also contribute to the muscle weakness caused ftched contractios Resting [C&T]; increases within

stretched contractio®3 For instance when intracellular 10 Minutes of eccentric contractions and, although the
calcium vas measured during tetani before and aftépechanism has not been established, this might also be a

stretched contractions itas found that the resting [&  conseduence of increased membrane permeability rise

was increased while the tetanic [€h was reduced (Fig. " resting [C&T, might initiate the impairment of
excitation-contraction coupling by aweiting proteases
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which damage the sarcoplasmic reticulum (SR)**Cafluorescent mares®, Alternatively changes inytoskeletal
release chann®3’. It has also been proposed thatlements such as desmin and titinenieen observed after
Ca&*-activated proteases might damage membranes astietched contractioffs
contribute to the increased membrane permeability. The abee results also raised the possibility that the
We recently showed that folldng a series of ionic changes associated with the stretch-contractions might
stretched contractions, musclesvéleped vacuoles which be implicated in the reduction of forcé=or instance, if
filled with an extracellular magk (sulphorhodamine B) C&" ions also entered through the same channel, thigdv
suggesting that tlyewere attached to the-dysteni®. Such provide an &planation for the raised resting [Cjﬁl and we
vacuoles had previously been observed under a rangehafe peviously speculated that this might cause the
situations in which a muscle was eliminating an osmotieduced C# release which is one of the causes of the
loacP®4%  We poposed that stretch-induced damageeduced force. This possibilityas tested by comparing the
produced Ttubular tears allwing the intracellular Na recovery of force after stretch-contractions with and
([Na'],) to rise and that vacuoles were a consequence of théthout blockers of stretch-autited channels Either Gd*
osmotic load caused by the Naump extruding thexeess or streptomycin increased the reexy of force from 36 to
Na" along with osmotically-equalent water. 49% strongly suggesting that ionic entry has some part in
To test these ideas we measured [Nen muscle the processes which reduce the force.
subjected to stretched contractitinsTen isometric tetani Stretched contractions are a normal part of the
had no significant effect on resting [Nlabut 10 sretched repertoire of muscle agtties and hae a important role in
contractions caused a significant increase in*[N@ig. the training of musclé$ It has long been recognized that
5A) from about 7 to 15 mM.The rise was surprisingly the damage caused by a series of stretched contractions is
slow taking seeral minutes to reach a maximum and onlyeduced on a second repg€at The mechanism of this
starting to decline after about 20 min. By removing thé&aining effect has been the subject of muckestigation
extracellular sodium, we shed that this rise in [N§ was and one component is that stretched contractions seem to
caused by increased Nimflux from the extracellular space. elicit a receoery in which synthesis of additional
To test whether the Naentry arose through-flibular or sarcomeres in series occdi#® The net result of this is a
membrane tears we imaged [[aexpecting to obsees shorter sarcomere length at aegi muscle length thereby
localized elgations of [N&], close to the putate tears. reducing the propensity to damalye These findings
However we reve obsened ary obvious areas of eleted suggest that stretched contractions stimulate a specialized
[Na']; suggesting that the Nanflux was via multiple small sub-set of gene autition. Since [Ca2+]i appears to be
sources belw the spatial resolution of the confocalintimately involved in gene mulatior?? this raises the
microscope. Br this reason we decided to test blockers gfossibility that C&" entry by stretch-actated channels,
various channels through which Nenight enter Skeletal perhaps because of some unidentified spatial or temporal
muscle is known to contain stretch-mateéd non-specific feature, actiates a group of genes which result in synthesis
cation channef€ so we tested whether known blockers obf additional sarcomeres in series.
this channel could prvent the rise of [N, following
stretched contractions. Fig. 5B shows that 20 uM*Gd Muscular dystrophy
applied after the stretched contractions, was capable of Duchenne muscular dystraphis a1 X-linked

preventing the rise of [N&;. While GeP*is an established condition that affects approximately 1 in 3500 male

bIockgr of stretch-actated channels it.is also cap_ablle Ofbirths'53. It is a degeneratve nmuscle disease causing death
blocking may other channels (for wew see®), it is

therefore important to note that &dhad no effect on through respiratory and cardiaailfire by the end of the
X . . L d decade. The diseoy that the di d
resting [Nd], (Fig. 5B)or on tetanic forcg in wild-type second decade ed a the disease was cause

f th i hin hagoletioni
fibres. Inaddition, we shwed that a chemically-unrelated by absence of the protein dystrophin hagolitionized

blocker of stretch-aciated ch | rept . understanding of the disease andeginew impetus to
ocker ol stretch-acieled ¢ annﬁs, streptomycin, ag/ therapy®. The efectiveness of gene replacement thgrap
also able to prent the rise of [Ng,

The ab | h FN has been demonstrated in mouse models of dystimptin
he ahae rlesu tsf srt:ggeslt t aFdebntn;] 0 mgy humans gene themaphas so far preed of limited value
occur through a class of channelswted by the preceding 1.5, se of the difficulties of obtaining adequajeression

stretch. Mosstretch-actiated channels open rapidly (<1 s)mc the very large dystrophin gene in human muscle (for
after distortion of the membrane and typically close bfiSk'}’e\,i av see)

H H H 44
when the distortion is remed*. A notable feature of the The mechanism by which the absence of dystrophin

pre_sent experiments is that the rise of *]]Ii\la)c_:curred xacerbates stretch-induced damage is uncleas widely
mainly after the stretches and that blockers applied after t gcepted thabeessve G22* entry is a feature of dystrophic
stretches were capable of yeeting the rise of [Ng,. This muscle (for reiew see 59). One theory to explain the

suggests that the channels were opened by connect.ion Beéessie c2* entry is that stretch-induced contractions
memprane _component orytosieletal e.'e.”.‘e”‘ which lead to membrane tears which thenwlionic entry*. On
remains distorted long after the initial stretchecghiS theory the absence of dystrophin is assumed to

contractions. &r '”Star.‘ce long lasting d|stqrt|on of theincrease the membrane fragility so that membrane tears are
T-tubular system following stretched contractions has be‘?ﬂore frequent and lead to greater ionic entAnother
demonstrated by electron-microsgépand by diffusion of
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Figure5. Intracellular sodium in wild-type and mdx mouse after stretched contractions.

[Na™]; indicated by fluorescence intensity; the higher initial valuendix fibres epresents their higher [Ng,. Panel A
shows that a series of isometric contraction had no significant effect of (Maeeas a series of stched contactions
produced a rise of [Ng,. Note that the rise in [Ng,; caused by the sitdhed contractions was lger in mdx fibres com-
pared to wild-type files. *significantly lager than initial level. #significantly lager increase compared to wild-type (P

< 0.05). Ranel B shows first the effect of Ban resting [N&], in bothmdx and wild-type fibes. Gd* had no effect on
wild-type fibres but lowered [N in the mdx fibres to about the level of the wild-type fibres. The fibres then underwent a
series of setced contractions and Gtlwas applied immediately for 10 min (indicated by the bar}*@timinated the

rise of [N&]; caused by sétched contraction in both wild-type amddx fibres. Values @& mean+ S.E.M. Dataadapted

from Yeunget al#165

possibility is that the stretch-aedied channel in wild-type obsenation thatmdxfibres hae increased permeability to
fiore? has altered properties in tmedx fibres so that it divalent cations using the Mhquench approach would be
becomes more readily ated by stretch. The consistent with either of these hypothé&8es
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lonic changes during muscle function

Studies of muscular dystroplare very dependent on activity. Since these channels are permeable to both Na
animals models of which the most widely used isrtitx and C&* 2 we would expect to obseevincreases in the
mouse. Thisspontaneous mutant lacks dystrophin due teesting [N&], and [Cé*]i and, as discussed al® both
the presence of stop codon early in the sequeffioe have been obsemd. Onthis basis we wouldx@ect that
review see °9). Although the genotype is similar to theblockers of the stretch-agtited channels would be capable
human disease the phenotype is much mildédx mice of preventing the rise of [Ng, and [Cé*]i and we hee
are fertile, e a rear normal lifespan and shdew overt demonstrated that both &dand streptomycin can block
signs of the diseasddowever, the creatine kinaseuvels are the rise of [N], in mdxmusclé®. The functional changes
elevated and histology shows that the mild signs of muscia muscle as a consequence of raised[Nae not clear it
damage including centralized nucleiStretch-induced we hae peviously suggested abe that the wacuoles
damage is generally moreveee in mdxmice compared to present after stretched contractions are because the Na
wild-type micé%%2 and the deliery of a dystrophin mini pump extrudes the excess*Naith osmotically equialent
gene tomdxfibres reduces stretch-induced danfdgd@he water and this hydraulic load in the-tllbules causes
reasons that thendx phenotype is so much milder thandilation and wacuolatio’®. The eleated [N&], would be
Duchenne muscular dystroplre not entirely clear but one expected to reduce the amplitude of the action potential and
possibility is that utrophin can substitute to a limitateat might therefore reduce SR €aelease. In addition a raised
for dystrophin and seems to beemxpressed in thendx [Na'], will affect all N& linked transporters with a range of
mousé&®. Another interesting observation is that muscl@ossible consequences for the célNhether the changed
damage does not become apparent until about 3 weeks afteperties of the -fubules affect muscle function is
birth which is close to the time when the animals arencleaf®4S
weaned and become more mobile, suggesting the
possibility that _mechanical factors_ contrib to the damage. Current hypothesis

To investigate the mechanism of damage nimdx

muscle we hee measured [N4, in single fibres dissected StfetChled contractions
from mdxmice. Aninitial finding was that resting [N _ ,

. . ! . L L Increased opening of stretch-activated channels SAC
was higher inmdxcompared to wild-type fibres, confirming  __ g - ________ f--——o-- blockers
an earlier obseatiorf*. An interesting feature was that the ~ t [Na*] t resting [Ca?], Gd3 .
elevated resting [N, of the mdxmuscle was reduced by [ L Z‘Sﬁt’f"“y"'”
Gd* or streptomycin (Fig. 5B) strongly suggesting that itis t actiiy of Tlpmtease ac“""yl

. . a* pum

cau_sed by increased opening of the same class.of stretch- 1 pump damage to SR Ca*  damage to membrane
activated channels considered eatli&hen themdxfibres _ release channel ] ]
were eposed to our standard protocol of stretched ' Mo nireT 1 loss of inflammatory
contractions the rise in [NR started from a higher Vel ] Ltetanic[Cah, e PO
and showed a significantly greater rise (Fig. 5&jther vacuole ]

production

Gd®* or streptomycin were capable of pesting this rise 4 reduced force

and seemed to lower the [Naback tavards the leel

obsened in wild-type fibres (Fig 5B)Just as in wild-type
fiores we found that either &dor streptomycin could |
prevent one component of the reduced muscle force aftl duced muscle damage.

stretch-induced damaffe We interpret these findings to chematip to illustate some of the pathways thought to be

mean that muscle contains a stretchvatgd channel mvolved in the mqscle da@m@used by setched contac-

whose open probability is enhanced in timelx mouse. tions. for description see main text.

Pach-clamp studies omdx fibres hae produced similar

findings’. Furthermore the channels seem to be more In Fig. 6 we propose that the weded [C&"],

sensitve © the effects of stretch contractionsnmdxfibres —activates proteases with consequerfeets on intracellular

compared to wild-type fibresThus these channels mayproteins and membranesThis possibility has been

explain the eleated resting [N, in mdxmice and also the extensiely considered but a di€ulty is that the proteases

elevated [Cef*]i reported by othePd These channels which hae teen described do not Ve sufficient C&*

appear to be further opened by stretch and the ionic enggnsitvity to be actiated by the observed rises in

associated with this pathway appears teeha ole in the [Ca?*],56%". One protein which might be damaged is the

reduction of force observed after muscle stretch. ryanodine receptor (SR €arelease channel) and, as
Some of the pathays we hypothesize to be aetin  discussed earlierthere is goodddence that increases in

muscle as a consequence of stretchatetil channels are [Ca?*]; can lead to reduced SR Taeleasé3". We dso

illustrated in Fig. 6. As discussed alepwe siggest that speculated in Fig. 6 that the loss of intracellular proteins

stretched contractions lead to a persistent opening arfid the inflammatory response are secondary consequences

stretch-actiated channels. The mechanismsadred are of membrane damage.

unclear at presentubcould irvolve membrane stretch as a

result of popped sarcomeres ortubular vacuoles or

perhaps changes in thgtaskeleton which modify channel

Figure 6. Role of stretch-activated channels in stretch-
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Therapeutic possibilities 7. Pate E, Bhimani M, Franks-Skiba K, CaoR. Reduced
_ o effect of pH on skinned rabbit psoas muscle

Our eperimental data so far shothat in isolated mechanics at high temperatures: implications for
single fibres stretch-induced damageolmes changes in fatigue.J. Physiol. 1995486:689-94.
[Na']; and [C&"); which are probably attriiable to g \vesterblad H, Bruton JD, Langeen J. The effect of
stretch-actiated channels. When these channels are intracellular pH on contractile function of intact,
blocked some of the reduced force associated with stretch- single fibres of mouse muscle declines with
induced damage can be peated. Theseesults raise the increasing temperature.  J. Physiol.
possibility that if the damage in muscular dystygh 1997500:193-204.

partly or predominately through the same paywthen o \yesterblad H, Allen DG, Lanrgnen J. Muscledtigue:
blockers of the stretch-agtited channels may reduce part lactic acid or inoganic phosphate the major cause?

of the muscle damagelVe ae currently testing this idea by News Physiol. Sci200217:17-21.
using the stretch-agtted channel blocker tmdxmice and 10 Killian KJ, Campbell EJ. Dyspnea amxbeise. Annu.
testing whether the muscle damage is reduced. Rev. Physiol 198345:465-79.
; 11. Eberstein A, SandoA. Fatigue mechanisms in muscle
Conclusions fibers. In: Gutman E, Hink,Rds. The effect of use
Single fibre preparations V& poved a pwerful and disuse on the neuromuscular functions.
experimental approach for studies of muscle functidhe Amsterdam: Elsevier; 1963: 515-26.

ability to male ionic measurements with good temporal and2. Allen DG, Lannergren J, &Sterblad H. Muscle cell
spatial resolution in single functioning fibres has greatly ~ function during prolonged activity: cellular

facilitated understanding of the functional changes during ~ mechanisms  of atigue. Exp.  Physial
repeated muscle aeiy. Increasingly it will be possible to 199580:497-527.

measure ionic concentrations in defined regions such & Williams JH, Klug GA. Calcium exchangeypothesis
mitochondria, nucleii, SR and the near-membrargore of skeletal muscle fatigue: a briefview. Muscle

The possibilities of fluorescent tagging of signaling and Nerve 1995]18:421-34.

molecules, transcriptionaétors, mRM and proteins and 14. Favgo TG. Sarcoplasmic reticulum Earelease and
following the distribution of these substances during muscle fatigueJ Appl. Physiol 199987:471-83.
different kinds of muscle activity offer exciting directionsl5. Allen DG, Vésterblad H. Role of phosphate and

for the future. calcium stores in muscle atigue. J Physiol
2001536:657-65.
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