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Summary to elevated temperature (>37°C) leads to a higher rate of
. ) . ROS production in both the intracellular andteacellular
1. Here we reiew evidence obtained recently by Us e5ions of the muscle than at room temperattié. Figure
indicating that the poorllongmy of isolated mgmmahan 1 shows the amounts of  produced by the resting
skelgtal muscle preparatlons at tem_peratures in the "Torm?élated rat skeletal muscleeensor digitorum longus
physiological range is related to the increased production pfy ) at different temperatures, as detected by the reduction
reactve axygen species (ROS) in the resting muscle. of cytochrome C.Cytochrome C is membrane impermeant
2. Temperature-induced &S production increases gnq therefore can be reduced only lySRthat are present
markedly abee 2°C in isolated, resting sletal muscle j, the same compartment. The method is based on the
and is assou_ated_ with the gradual and vergble |oaction of @ with oxidized cytochrome C (B8 to
functional deterioration of the muscle. _ produce reduced cytochrome C #Hewhich has a specific
3. The majority of the temperature-induced musclgeak absorbance at 550 nis shown by Edwardset al, 15
ROS orlg_mate in t_he mltochor_ldrla and. act on various S|teé2.— appears to be the only species of ROS or nemcti
involved in excitation-contraction coupling. nitrogen species (RNS) that can actually redytectrome
C. Thereforethe use of the ywtochrome C assay for
measuring @~ is rather conseative because if aything, it
Reactve oxygen species BS) is a term used to underestimates rather thawemstimates the true rate of
describe a wide range of molecules and free radicdR®” production in the presence ofnious ROS and RNS.
(chemical species with one unpaired electron)védrirom EDL muscle from rats and mice produce rekji low and
molecular oxygen.ROS ae formed by seral different stable amounts of ROS between 22 and 32Fowever,
mechanisms and are an uoidable by-product of cellular when the temperature of the resting muscle is increased
respiration. Somelectrons passing "down" the respiratoryfrom 32°C to 37°C, there is a &vfold increase in RS
chain in mitochondria leakway from the main path Pproduction in EDL muscles from rats and mifcand here
(mainly through reerse electron transfer at the Vila We review the idence suggesting that the loss of muscle
mononucleotide group of comlxlel'3) and go directly to function when isolated skeletal muscle of mammals is
reduce oxygen molecules to the superoxide aniop O incubated at physiological temperatures is related to the
Primarily all ROS in skeletal muscle desifrom Qe". temperature-induced production of+O's
Thus, dismutation of @ either spontaneously or through 1%1
c
p

Introduction

reaction with superoxide dismutase (SOD) produ Os_sia/(_englers and skeletal muscle function at
hydrogen peroxide (kD,), which in turn can be fully ysiological temperatures

reduced to water (}0) or partially reduced to form the Tempol is a stable, membrane permeable nitroxide
most reactie d all oxidants, the hydroxyl radical (OH¥). that acts as a SOD mimetic and its action can therefore be
ROS, in particular @7, play an important role in mgn  compared to that of an enzyre Tempol is first oxidised
blologlcgl systems ranging from cell \dopment and by the protonated form of superoxide (+OOH) to yielDki
metabolism to skeletal muscle contractid.Darnley et and an oxo-ammonium cation, which is then further

al.' shaved that application of (" to diaphragm muscle aqyced by another © molecule to yield Q and
strips resulted in a reduced maximum?Cactivated force regenerate the Tempol molecule, with the net neahof

response and inhibition of SR Caelease. Thisvas ds0 g O,*~ molecules. &mpol is therefore, ideally suited as a

2 : _ . .

shavn by Callaharet al*2who found that not only did @ 4] 19 determine whether the increaseg @roduction at
affect maximum force Wt that it had no apparent effect ong7ec plays a role in the decrease in tetanic force production
the sensitivity of the contractile apparatus té*C&imilar at 37°C.

results in cardiac muscle were obtained by MacFarlane & At 37°C the tetanic force produced by isolated mouse

Mllle_r, 13 who found+that 9‘ decreased fo_rCe production 5nd rat EDL muscles is magttly less than that produced at

but did not affect C&" sensitivity or SR function. 22°C (Figure 1). At 37°C and in the presence of 1 mM
It has been shown thatgosure of rat skeletal muscle tempol, tetanic force productionas significantly greater
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Sites of Q¢~ action in muscle

A The ROS-induced decline in tetanic force after
r 40 exposing muscles to 37°C in the absence ahjpol could
be due to effects on various sitegdiwed in E-C coupling,
such as the contractile apparatus, the SR, or the plasma
membrane.
Contractile appaatus. If the ability of the contractile
apparatus to generate maximun? Cactvated force and/or
40 the sensitivity to C& were reduced, then the twitch and the
Lo tetanic force responses would also become smadiferat
20 1 EDL muscles the ability of the contractile appargias se
Q//Q/g to produce maximum CGaactvated force vas not diferent
o 0 after exposure to 37°C in the presence / absencempdl
22 24 26 28 30 32 34 36 38 i . N
(Figure 2A)}® However, «inned fibres from the 37°C
treated mouse EDL muscles produdésb% less specific
B force than those from the 22°C control muscles (Figure
o 2B).Y> Importantly this decline in specific maximum
1007 Ca*-activated force was not seen in the presence of 1 mM
Tempol, as the maximum Gaactvated force was not
significantly different from that in fibresept at 22°C?
There were also no changes in theé®*'Gaensitvity of the
contractile apparatus from both rat and mouse EDL muscles
after the muscles were incubated in the temperature range
37-46°C1520 Thus, a lage proportion of the depression in
tetanic force in mouse EDL musclegpesed to 37°C
compared with controls wolving muscles maintained at
S 22°C can be »plained by the reduced ability of the
2 24 2% 2B 3 32 34 3% 3B contractile apparatus to produce maximal force due,to O
temperature (°C) production. Havever, this was not the case for the rat EDL
muscle where the ability of the contractile apparatus to
Figure 1. Tetanic érce at 22 and 37°C (filled symbols) in produce force was not impaired followingp@sure of the
EDL muscles of rat (A) and mouse (B) and,© produc- muscle to 37°C (note though that increasing the
tion (open circles) at 22, 32 and 37°C in resting EDL mus-temperature abe 4°C also caused force depression in rat
cles of rat (A) and mouse (B)The decline in tetanic foe EDL musclé®>?9). Therefore,while the loss of force at
was partially pevented in muscles incubated at 37°C in th&7°C in isolated setal muscle of the mouse can begédy
presence of 1mM Tempol (filled triangles), a sapite dis- explained by ects of ROS production on the contractile
mutase mimeticTetanic force production remained stableapparatus, this is not the case for the raetdl muscle
at 22°C in both isolated intacat and mouse EDL muscleswhere ROS production at 37°C must primarily affect steps
(data from Edwads et al, 20075). Note that the lines con- in E-C coupling before G4 activation of the contractile
necting the data points for tetanic éerat 22°C and 37°C apparatus.
are abitrarily drawn and do noteflect the force pduc- The SRIt has long been recognised that proteins in
tion between 22°C and 37°C. the SR are sensig b ROS?' ROS and other oxidants
have keen shown to increase the probabitifyryanodine-
sensitve C2* release channel (RyR) opening and thereby
promoting C&* release from the SR:?®> ROS have also
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than when no Tempol as present in solutions (Figure 1A

and B). This protecte dfect of Tempol on &itation-  poan shan to modulate SR GaATPase pump function,

contraction (E-C) coupling at 37°Caw also demonstrated i yery high ROS concentrations decreasing the reaptak
at the single fibre lel.'®'° Whereas action potential ¢ ~2+into the SR425

induced force responses of rat EDL mechanically skinned The ability of the SR to accumulate Cawas
single fibres dropped by 80% after 8 min at 37°C WithoWiyhificantly reduced by about 20-40% after the EDL
Tempol in the system, when 1mMepol was present, the i qcle of the rat was exposed to 37-40°C due to adark
force response at 8 min dropped by only 40Vhwus, the j, a6 in SR Galeak, which persisted for at least 3
results obtained with émpol strongly suggest that adar hours after treatment (see Figure 2C aad der Poel &
part of the decrease in the force production in intact rat a@ﬁ'ephenson 2089. The increased CA-leak was not

mouse muscle fibres at 37°C is related to the increasl%qough the SR Carelease channel or the SRZGaump
production of Q= which can act at diérent sites in the although it is possible that the leak pathwapswia

process of E-C coupling. oligomerised C#-pump moleculed’ No significant
change in the maximum SR-CaATPase activity \as
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Figure 2. Efects of temperature on the maximum €aactivated force (A,B), rate of SR €aaccumulation (C) and
action potential properties (D) of EDL muscles from rat (A, C, D) and mouse Bximum C&*-activated force and SR
Ca* accumulation measurements werade at 22°C from mechanically skinned muscle fibres obtained EDL muscle
kept either at 22°C (open bars), or afterqposue to 37°C for 30 min (dark gy kars). The light gey kar in (B) shows max-
imum C&*-activated force production in mechanically skinned muscle fibres from mouse mupoksedeto 37°C for 30
min in the presence of 1mM Tempol. Aftepasue to 37°C the ability of the SR to accumulate?*Cavas significantly
reduced (dotted line in C) compared with controls (continuous line inE@posue to 37°C in the pesence of 1 mMem-
pol did not educe the ability of the SR to accumulaté*Qaroken line in C). Changes in the AP panetes ae sen in
representative tices fom muscles that werexposed to 37°C for 40 min (dotted line) compared to muscles kept at 22°C
(solid line) and partial ecovery from muscles that weeexposed to 37°C for 40 min in theggence of 1 mM Tempol @br
ken line) (D). (Panels A and B ameproduced with permission from Edwiaret al.(2007)%; data in panel C a aiginal
and wee dbtained using mcedues described in van deioBl & Stephenson (2007,and AP traces in D a from the
studies presented in Edwaresal.(2007)° and van der Pogdt al.(2007)1°

obsenred after the temperature treatm&hihe obsered Plasma memlane. Upstream sites from the SR
changes in SR properties were fully yerted by the @~ involved in E-C coupling are located in the plasma
scavenger Tiron, indicating that the production ofsOat membrane represented by the sarcolemma and thel&tub
37-40°C is responsible for the increase in SR*Gmmk. membrane where the ditiropyridine receptors (DHPRS)/
These lasting changes in SR properties with respect%o Cwoltage sensors are locat&dlThe plasma membrane plays a
handling mediated by & production at 37°C are not crucial role in maintaining muscle fibrexaitability which
sufficient to explain the more mastl depression obsexd refers to the ability of the fibre to trigger and progtag
in the tetanic force in isolated intact rat muscle preparatioastion potentials (APs). In turn, fibrexatability is
kept at 37°C, because 30% SR depletion of endogenasensitve o the functional state of the NaK* and Cf
Ca* would produce only a minor drop in the twitch andchannels and resting membrane potential (RfPow
tetanic respons®&.Thus, the decrease in force production imuscle fibre excitability is &fcted by temperature-induced
rat muscle cannot bexglained by changes in the ability of ROS production is discussed in the following section.

the contractile apparatus to produce force or the SR Ca o )

handling propertiesTherefore, ROS production in the ratSkeletal muscle excitability and ROS production

muscle at 37°C must primarilyfatt steps in EC coupling At 37°C the RMP of rat EDL muscle as
before C&" release from the SR.
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significantly depolarised by about 10 mV (from
approximately -80 to -70 mV) and the amplitude of the AP A

was reduced (Figure 2D and Edwds et al, 2007:9). 2504
Addition of 1 mM Tempol at 37°C pvented the
depolarisation of the RMP at 37°C, and the amplitude of thé} 200+
AP was not dierent from that of control muscles that were £

o<

%)

kept at 22°C. The maximum rate of depolarisation of the £ £ '°°7
action potential was markedly slower in fibres incubated at% § 100
37°C when compared to fibrespt at 22°C and the rate of 5 B
repolarisation of fibres at 37°C was significantlywsdo g 50 1T
than of fibres at 22°CThe presence of 1 mMempol &
significantly preented the decrease in the maximum rate of 0-
repolarisation but had little fect on the maximal rate of control stee succrot
depolarisatiort>1° B
A direct efect of ROS on sarcolemmal and t-tildy 57
membrane properties has been postul@te@xidation of 4

thiol groups has been shown to Vmesibly inactvate the
DHPR®2 which would ultimately result in a decrease |
DHPR mediated SR Carelease. Morerecently it has
been demonstrated that pre-treatment with N-agetigine
(NAC; antioxidant and reduced thiol donor) impes

nmol reducing
equivalents/mg.hr
N
1

Na'/K*-pump actiity, lessens changes in circulating K 0 —
levels, and delays atigue during prolonged ycling Py |:|
exgcise3334 control succ/+rot succ/rot/NAD(P)H

This provides strong evidence that ROS production in
rat skeletal muscle at 37°C reduces thkeitability of the Figure 3. Influence of mitochondrial substrates and

muscle fibres by causing membrane depolarisation, Whi(}ﬂhibitors as vell as NADH on the rate of @~ production

n turr_1, causes sto mgctvanon of the .Né chanm_al§,5 f mechanically skinned single fibres from rat EDL mus-
reduc;ﬂon in the amplltude of the action potential, an les at 37°C.The presence of 5 mM succinate significantly
impaired AP propagation along the t-systém. increased the amount of ,© detected by cytochome C,
Source of the temperature-induced ROS which was completely abolished with the addition of /B0
rotenone (A). In the presence of succinatéenone and 0.1
ROS production in whole muscle arises not only frommM NADH, the rate of @~ produced by single fibs was
muscle fibres it also from other cellular structures such amot significantly dierent from that without ADH indicat-
nene terminals, blood cells, and capillaritSpecifically ing the presence of a very low XQuctivity. Reproduced
within skeletal muscle sites of,© production include the with permission fsm vander Poelet al, 20071°
mitochondria, 5-lipoxygenase,ya@ooxygenase, xanthine
oxidase, and ND(P)H oxidas€’ It has been ypothesised
that the major site of intracellular ,© at elevated
temperatures was the sarcolemmahINP)H oxidase’’
however this has been challenged recently wherglence

A transerse tubule NAD(P)H-dependent plasma
membrane oxidase (NQ activity has been recently
discovered®® but it is unlikely to contribute in an
suggests that isolated muscle mitochondria produa'eqmﬂcantway to the temperature induceg Q_)roductlon,

as suggested by results from experiments where

considerable amounts of,©.383 To determine the source ©> o : : :
_ : e mitochondria Q= production was blocked with succinate
of O, production, we used specific substrates and
S ! L .. and rotenone, and a NGsubstrate, NADH was present to
inhibitors known to induce and inhibit,© production in . - e

. . induce N activity. Under these conditions no
mitochondria. . .

. S . _~ mMmeasurable amounts of O were produced in either
When succinate, which is known to increasg O 2

production® was mesent in the solution in which _mechamcally skinned fibres, where the t-system remained

. . ' . intact or whole EDL muscles, indicating that compared
mechanically skinned fibres were incubated, agdar . . : - . .
. : ! with mitochondria, @~ production via the plasma
increase in the rate ofywchrome C reduction as . o :
X . o membrane NAD(P)H oxidase agty is not a major source

obsened compared with controls (Figure 3AAddition of . S

. . of temperature induced. © production in skletal muscle
rotenone and succinate together is known tugntereverse . 19 2

. (Figure 3B).
electron transport into compdd of the electron transport
chain  which reduces @ production of isolated physiological temperatule and isolated mammalian
mitochondria. When succinate and rotenone were addedsi:|etal muscle preparations
mechanically skinned fibres at 37°C thereasw no
cytochrome C reduction indicating noOproduced by the Most in vitro studies on isolated mammalianestal
muscle fibres (Figure 3AY. muscles are conducted at sub-physiological temperatures,
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between 22 and 30°C, because at temperature® about muscle fibres through a heparin-binding carboxy terminal
32°C there is a gradual, iu@sible deterioration in muscle on its tail*® When the muscle is remed from the body of
function. For man decades, this decline in muscle functiorthe animal and placed in a physiological saline, the EC-
at physiological temperatures was thought to be due to t8®D is gradually lost and this renders the isolated muscle
relatvely slow diffusion rate of oxygen into the muscle as anore sensitie o O,»~. The importance of EC-SOD in the
consequence to the rewabof vascular perfusion, resulting protection of the sietal muscle from injury caused by

in an anoxic rgion in the centre of the isolated musclegeneration of @~ was recently demonstrated vivo using
preparation. ¥t recent work by Barcldyhas shown that EC-SOD knockout micé?

diffusive okygen supply would be adequate to support Thus, perfusion of the muscle with blood through
resting metabolism and eggr requirements at Vo duty capillaries, compared with bathing the muscle in a grossly
cycles in isolated intact rat and mouse EDL muscle at 37°Byperoxic physiological solution, would result in lesOR
Moreover, Lannegren & Westerblaé? shoved that the produced in the muscle and more efficient reahof O,
irreversible decline of muscle function also occurs in singléhrough continuous blood flo aided by the presence of
mouse muscle fibregosed to 37°C, where oxygen supplyEC-SOD. Thiswould prevent accumulation of @~ in the

to the muscle cell is not limited. Furthermore, a redrk muscle abee levds causing the deterioration in the force
difference in ability to respond to electrical stimulation atesponsén vivoat 37°C. It is therefore the accumulation of
22-25°C and 37°C also occurs in mechanically skinng®OS, rather than lack of oxygen due to fulfonal
single fibres in which stable electrically induced responsesnstraints, that is Iy responsible for the obsed

can be elicited at 22-25°C for up to 30 mirt hot at 37°C, decrease in the force response in the isolated mammalian
where electrically induced force responses drop to 20% sieletal muscle at 37°C.

the initial force response after only 8 mf.These )

obsenations indicate that the deterioration in isolate¢oncluding Remarks

mammalian skeletal muscle function at ygiological
temperatures is not simply due to the lack of oxygen supp%yudi
or to a number of other potentialctors such as mechanical

It is clear from the growing number of fdifent

es that there is a strong link between the increased
temperature-induced @& production in  mammalian
LHliuscle and the gradual, imesible loss of force obsesd

in isolated skeletal muscles vitro at ptysiological

ntt . -
. . emperatures. The increased temperature-induc&@8s R
process must be responsible for the gradualdrsible loss P P

f le functi t 37°C in isolated i Iproduction at physiological temperatures can lead to
ot muscie function at 37 % I 1SOilec mammalian muscc?amage to the various sitesvatved in EC coupling in
preparations and this wiew has highlighted the link

bet . d rate of product f rema isolated skeletal muscle vitro, thus essentially restricting
etween an increased rate of production of reatkygen experimentationin vitro to sub-plysiological temperatures.

species (RS) at 31;% and  deterioration  of mUSCIeI'he deelopment of methodologies that reduceOR
performance at 37°€:% accumulation in muscle at yéiological temperatures is

all motor units in the muscle.
Clearly an irreversible, temperature-depende

An explanation for functional differences at 37°C essential for using skeletal muschgperimentationn vitro
between mammalian skeletal musclds vivo and for optimising strategies in clinical settings to treat
isolated preparations conditions in which siletal muscle is gztively affected,

such as cancer cactia, respiratory disease, heagildire,
There are major dérences between the paent muscle dystrophies and ageing.
conditions for the sidetal muscle in the body of the animal
and the eperimental conditions normally used with the”ACknowledgments

isolated skeletal musclén vitro. One of the major We would like to hank the Australian National

dlffe(;gnces refer\:, to t.h elptardtlalz (prlessure n tf,olulttlons Health and Medical Research Council, the Australian
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much greater partial Opressure in solutions than in the
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