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Mechanisms of fatigue induced by isometric contractions in exercising
humans and in isolated mouse single muscle fibres
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Summary which can limit their application to humans. But the
] . . isolation of single processes thought to play a role in
1. Muscle ftigue, i.e. the decrease in muscle faigue is difficult with studies performeid vivo, and the
performance duringxercise, has beenxgensiely studied peeq for isolated muscle studies is thuilent. Therefore
using a wariety of experimental paradigms, from mouse tghe aim of this brief ndew is to link studies of muscle

man, from single cell to whole bodyeecise. Gven the  fatigue in humansn vivo with findings from electrically
disparity of the models used to characterize mustigue, stimulated intact single muscle cells.

it can be dificult to establish whether the results of basic Different models hee been used to studyafigue

vitro studies are applicable tagcise in humans. (musclein vivo, isolated muscle, isolated single fibre and
2. In this brief reiew, our attempt is to relate gyjnned fibre); the description of all these models is not the
neuromuscular alterations caused by repeated or sustaifged,s of this reiew and the reader is referred to Allen al.
isometric contraction in humans to changesxoitation- (o008} for a recent reéiew. Here we chose to focus on the
gontraction (E-C) coupling observed in intagt single muscl@iact single muscle fibre model as it allo one 0 to
fibres, where force and the free myoplasmic’fCaan be  follow changes in force generation in response to action
measured. o ~ potentials (as occurs in voluntary contraction) aing t¢
3. Accumulated data indicate that E-C couplingn insights into alterations in excitation-contraction (E-C)
impairment, most likely located within muscle fibrescopjing,i.e. from the action potential propagation to cross
accounts for the fatigue-induced decrease in maximal forgggges interaction, by measuring simultaneously force and
in humans, whereas central (neural) fatigue is of greaigge myoplasmic [CH] ([C&2*]) changes (see bei). To
importance for the inability to continue a sustained-lo 4oy a comparison between the awmodels and thus to
intensity contraction. Based on data from intact singlgnit any exercise-induced difference due to the task
muscle fibres, the fatigue-induced impairment in E'gependenp of fatigue? we chose to focus onatigue
coupling irvolves () a reduced number of avé @OSS- induced by isometric contractions.eWirst describe ho
bridges due to a decreased release éf,@&) a decreased fatigue is classically quantified in the dveifferent models
sensitvity of the myofilaments to Cg and/or (i) @ ang then discuss the underlying mechanisms of muscle

reduced force produced by eachatross-bridge.  fatigue in these tev models in order to clarify the cause of
4. In conclusion, data from single muscle fibrgpe fatigue deslopment in humans.
studies can be used to increase our understanditagiguie

mechanisms in someubnot all, types of humarxercise. Quantification of fatigue in exercising humans and in
To further increase the understanding oftigue mouse intact single muscle fibres

mechanisms in humans, we propose future studies ursing

vitro stimulation patterns that are closer to tinevivo Human

situation. The etent of neuromuscular fatigue is classically

Introduction guantified by the decrease in the maximalluatary
contraction (MVC) forcé.In practice, MVCs are generally
Skeletal muscles contract to produce the forcperformed before and immediately after afixduration or
necessary in weryday life, but can not contract open-ended task and the force loss olexkig considered
continuously without impairment in performancée,. they as the gtent of fatigue. The use of open-ende@reises,
fatigue. The mechanisms underlying the decrease in musslech as submaximal isometric contraction performed until
performance has been the focus of ynexperiments using exhaustion, provides another indef muscle fatigue: the
different experimental paradigms, from cellulaveleto time to voluntary exhaustion or endurance time.
whole body ®ercise. Havever, the application of basic In order to gain insights into the underlying
results from isolated single cells or whole muscles to theechanisms of the decreased force-generating capacity
exacising human is not easindeed, in vitro experiments voluntary and electricallywoked contractions coupled with
can appear to be quite far from physiological conditionsurface electromyogragh(EMG) have keen used. These
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tools are classically used to distinguish between centfigdtigue induced by isometric contractions

(neural) as opposed to peripheral (muscular) adaptations. In

practice, a percutaneous stimulation is applied on the motdy¥man

nene to ypass the brain and spinal cord command and Sustained or repeated isometric contractions are

elicit a compound muscle action potential (Mg commonly used to characterize muscle fatigue becéi)se

associated with a mechanical twitch. The change in ﬂ&periments are relatly easy to perform, ii) one can

amplitude of these v responses is then used to aSS€¥iduce selectie fatigue in the muscle group of interest and

perlphte)rgdl cha}nges, .fcrﬂ?];nﬂr:euromuscgl!ar r;rapag tol (iii) the measure of endurance time constitutes a reliable
cross-bridges interactich! The contractility of a muscle index of muscle fatigability.

group is typically inestigated b)_/ comparing teFanic force Repeated oluntan®2® or electrically-goked?
evaked a.t ow ((20 Hz) and_ high .[(BO Hz) S“m”'f"‘“‘;“ submaximal isometric contraction adinous muscle groups
frequencies before and |mmed|§tely _after(erelse. lantar flexors, dorsiflexors, knee extensors, adductor
However these repeated electrical stimulations of the mot ollicis) at intensities of 30-50% MVC ba been used to

?hervef @an l.beft za"jlfﬁl and their Ct"n'?al ai)gllcztlor) Scharacterize neuromuscular fatigue. These studies tat
erefore imited. € assessment of centallglie 1S oqyced force in voked contractions at task failure is

generally performed measuring EMG activity of theaccompanied by a well-preserved central vatitin and

Working muscle$™? and V.Vith the twitch int_erpolation limited, if ary, change in M-vave properties, suggesting
technique (an extr.a eltlagt?}rslcal stimulus superlmpose.d totl’?at the decreased force generating capacity atecise
vqluntar_y contraction§: More recently transcranial was die to altered E-C coupling. Otheroiks used
sUmgIgﬂon of the motor conehas "’?'SO b(_aen used g gtained continuous  submaximal (20-66% MVC)
spe_cn‘lcally assess .thevé of supraspln_al at!gue (for a contraction and found that muscle excitability as measured
reviev see Gandevia, 206)L Th? non-invasve ruplear by the M-wave properties of the muscle being usedsw
magnetic resonance spectrosgopinvasive muscle biopsy

techni | b 4 tosesticat taboll unchanged after xercise performed with knee
echniques can aiso be used toesligate MEtabolic  qyi050rdl525-28 glhow flexors?%3 adductor pollicidt or
changes associated with muscle fati¢fue.

plantar flxors3? However, using similar wluntary eercise,
Intact single fibre others found a decreased Mwwe amplitude in the first
dorsal interosseotsplantar fleors}#32 dorsiflexors® and
The use of mammalian intact single cellasv abductor pollicis bngs3* at intensities of 25-65% MVC. It
introduced 20 years atfoand consists of manual dissectionshould be noted that while changes in intracellular action
of a mouse single cell (diameter around @®) with potential amplitude, duration or conduction velocity that
tendons kept on both ends. This allows force recording oneecur during atigue®>36 will affect M-wave properties, the
the preparation is transferred to theperimental chamber effect of these changes on force production is uncettatn.
and electrically stimulated. The fibre can be loaded witliry rate, it appears that) (a reduction in the amplitude of
fluorescent indicator for measurements of 2MgH* or the mechanical twitch (twitch force) can be obsdrv
C&*. This model allws assessment of E-C coupling, asvithout ary impairment in M-vave parameters:2526.29.30
ary change in force can be related to changes ir?*lpa and that if) dteration in twitch force are greater than
However considerable training is required before being ablehanges in M-ave®’ indicating that most of the peripheral
to dissect viable fibres on a regular basis. impairment induced by sustained submaximal isometric
In single fibre studies, fatigue has generally beetpntractions is located within muscle fibres (Figure 1).
induced by repeated tetani of 300 to 600-ms duration withSome authorsven suggested that voluntary exhaustioasm
duty cycle comprised between 0.1 and 0.5; tkgeement exclusively dependent on intramuscular processes, as a
is usually stopped when tetanic force drops to 40-50% pérallel decrease in MVC and electricalyoked force has
initial force. The number of tetani required to inducdeen found during repeated submaximal contraétiéf.
fatigue is largely dependent on the filsremetabolic . ]
characteristics and can vary from0 to 100 in thedst- [ntact single fibre
twitch mouse fleor digitorum breis!® to several hundreds
in limb muscle fibres fromatigue resistant soled®.In
practice, most experiments are performed on theoifle
digitorum breis as single fibre isolation is much easier tha
in soleus or extensor digitorum longus. The origin of th
force impairment (decreased sarcoplasmic reticulum (S three phase¥® Figure 2A shows these three

Ca&* release, reduced myofibrillar €asensitvity and/or consecutie fhases of fatigue with typical force and an

decr+e ased force per crc.)ss-bridge). can be detected frP@&orded at diérent times during the repeated contractions.
[C&"]; measurement during the fatigue run and from the ™™ oy c0 "3 ‘A initial fast decline of tetanic force by

comparison of force-[Gé]i relationships obtained before, o 5404 associated with an increased tetani¢*|Cé5-10
during and after the stimulation period. first tetani) reflecting a reduction in cross-bridge force
generating capacity.
Phase 2 A relatively long period of sla decline in

The concomitant measure of force andqgawhich
is possible in intact single cell, als one to dele deeper
into the underlying intracellular mechanisms which limit
Human performance. When repeated maximal tetani are
plied to a single muscle fibre, treifue process occurs
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products can alter SR &arelease® Furthermore, recent

A B human data suggest that reaetokygen species may also
Stimu'at;n artfact affect membrane excitabilify.
A Phase 1 Phase 2 Phase 3
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Figure 1. Criginal M-wave (A and B)ecodings from vas- Decreased forcel
. . . brid,
tus latemlis muscle and associated muscular twi(€ and ),Hltfirﬁ@s’”'gi’

—

D) measured in kneex&nsos in response to a single
supramaximal electrical stimulation of the femoral nerve Reduced mjofibriliay/
ewoked befoe (A and C) and after (B and D) ptonged iso- Cat" sqhsitivity
metric contraction of the kneetensor muscles. Note the
marked reduction in twitc force with only little g&ct on
the M-wave (slight increase in peak-to-peak duration).

Fatigue

Force

force and [C&]..

Phase 3Finally, a rapid decline of both tetanic force
and [C&". attributed to the combined fett of reduced
tetanic [Cé*]i and decreased myofibrillar €asensitivity. [Ca?*),

The time course of the changes in the force"—'—{r.;a
relationship during repeated tetani are illustrated in Figufggure 2. A. Original recods of force and [CH].
2B. obtained in a mouse single muscle dilsiring a fatigue

To date, the underlying mechanisms of altered SRyn. The upper panel shows a continuouscdorecord
Ce?* release and reduced myofibrillar sensitivity t6'Gre  wheke each vertical line represents a 350 ms tetanus at 100
not fully understood. Nevertheless it has mo been Hz The middle and lower panels show {Ja(measured
established that acidosis has limitedfeefs on the with indo-1) and force ecods from selected tetaniB.
development of &tigue at physiological temperaté#té®but  Change in force-[Ce?*], relationship with fatigueThe con-
reduces the rate of force relaxatidnAmong the other tinuous line is typically obtained by applying tetani of dif-
potential mechanisms that\eabeen considered, increasedferent frequencies in control conditions and the dashed line
production of inoganic phosphate (Pand reactve acygen represents the pattern observed during fatigue elicited by
species that occurs with the increased gneonsumption repeated tetani. The difrent causes of E-C coupling faieur
during eercise seem likely candidates. The rise in Pare noted and the anw between the two filled circles indi-
resulting from the breakdown of phosphocreatine is thOUgBétes the time course ohanggs during fatigue Redrawn
to play a role in the early [€4. increase observed in phasefrom Westerblad & Allen (19935,

1, possibly by inhibiting SR éapumps‘.‘lv“ZSimilarly, the

late decrease in [(?:E}i reported in phase 3 can be atitid )

to SR C&"-Pi precipitatiorf34° reducing the releasable One way by which C4 release from the SR can be
pool of C&* in the SR, although this hypothesis is still thd€duced is to he a saller ath'O” potential and thus
subject of debat® Reactie awygen species e keen deqreased opening of the SR%Cahannels (for_ detglled
suggested to alter myofibrillar sensity to C&* rather than Teviev see Allen et al, 29081)- A physiological
SR functior®’#8 However, a lecent study using mice consequence ofxercise is an increase in interstitial"K
overexpressing the mitochondrial enzyme superoxidgSPecially in the narm t-tubular space, which is widely
dismutase 2 suggests that superoxide ions and their W_Ila/ed to impair action potential transmission especially

v
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in the deeper portions of the t-tlbs (for reiews see when MVC force decreased belothe taget force. In
Sjecpard, 1998 and Clausen, 2083. A lower [Ce@*]i in  contrast, the delopment of central fatigue during awe
the central part of the fibre compared to the surface hiasensity continuous contraction (15% MVC) resulted in an
been measured during continuous high-frequendnability to use the reseev of force aailable when
stimulation in fibres fronXenopugrog®® and mousé&? This  perceved efort was disproportionately high (Figure 3B);
C&* gradient was absent if instead of continuousdeed, Sgaard et al. (2006¥° reported a “very lae”
stimulation, repeated short tetani were 3%@Hor the perceved exertion at the end of the contraction despite
stimulation frequencwas reduce& In humans a decrease subjects working well belo their maximal force generating
in motor units firing rate occurs during sustained M7  capacity.
limiting action potential generation to the minimum
required for maximum force production (the core of thg
“muscle wisdom” lgpothesis proposed by Marsdenhal,
19837, which preents failure of action potential
propagation er the sarcolemm?2g5° e

In summarydata obtained from humans suggest tha
processes located distal to the sarcolemma play a major r¢ " +_Target force.
in fatigue. Intact single muscle fibrexperiments sho [ .
changes in G4 handling and myofibrillar function that can
explain the impaired contractile function in fatigue.

<+~——Recovery—

100

aMVC)

it

o

Force (%

What about adaptations within the central nervous system? 0

<+———— Endurance time —

Although it is clear that a large part of the decrease in
MVC can originate from the muscle itself, some studid?
shaw that central fatigue is wolved in fatigue induced by
continuous submaximal contracti&hi®606 even if
controversies still exist about the concept of central
fatigue® The presence of extra force induced by an
interpolated twitch at taslaflure has been interpreted as the
inability to optimally recruit all of the motor units despite
maximal efort;** however this method has been recently
challenged as intramuscular processes Heen shown to
contribute to the increase in extra force production oleskry
with fatigue® Another piece of evidence irafaur of a

100 — End of the 43-min

contraction

| ..... “Force irve"

Sustained contraction (15% MVC)

Torque (% initial MVC)
B [=2] o)
o o o
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neural limitation is that at failure of a submaximal isometric CoTn?m' 20 _30 _ %0

contraction, the target force could be maintained if the Time (min)

muscles were instead electrically stimulated

transcutaneousf? Immediately after this electrical Figure 3. An illustration of the role of central fatigue dur

stimulation, which constituted a period of reexy for the
central nervous system, subjects wereaimgable to
voluntarily sustain the submaximal target fof€eAt task
failure, EMG activity has been reported to bevéo than

ing fatiguing contactions performed by humans. The
repeated intermittent contractions (Agsulted in very lim-
ited central fatigugpwhereas continuous low intensity con-
traction (B) induced laye reural adaptations. MVC (bldc

maximal, indicating centrabfiguel*33with some possible bars) wee performed during the cose of both tasks. The
contritution of () impaired neuromuscular prog®I®  dotted lines indicate the time caerof the decrease in max-
and (i) overlapping of positte and neéive phases of imal force @nemting capacity during ercise (A)
motor unit potentials (“signal cancellation”) leading to arRedawn with permission from Bigland-Ritchie &odds
underestimation of the motor units &it§.%* Using a lov  (1984%° and (B) edrawn with permission from Sggaset
force continuous contraction protocol (15% MVC for 43l. (2006)3°

min), Sg@ardet al. (2006¥° recently showed delopment

of central (supraspinal) fatigue as assessed by transcranial .
magnetic stimulation during the submaximal contraction, In summary whereas intramuscular processes seem

which was simultaneous with peripheral alterations a limit the duration_ of p_rolon_ged i_sometric contractions
measured with twitch force changes. These auth grformed at relately high intensity central fctors

estimated that supraspinal fatigue accounted#@% of contrltut_e to the fa||ure_ of _mamtamlng continuous
the total torque loss contractions at lower intensities (30% MVC or
) 14,30,60,61
Figure 3 illustrates the consequence of cenatidydie less).
da/elopment during xercise; the ipterrnittent isometric Summary and future directions
contractions (50% MVC) presented in Figure 3A resulted in

very limited central &tigu€® and task dilure occurred This brief review points out that factors within the
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muscle cells are important conuibrs to the dtigue- protocols of single fibres can be imped to gain further
induced changes in muscular function in humans. Therefdrsights into the mechanisms of fatigue. For instance, it
the cellular mechanisms ddtfgue foundn vitro with intact would be useful to induceafigue in isolated muscle fibres
single fibres can be used to descrifigliein vivo, at least with a pattern that mimics motor units firing rate during
for sustained continuous or intermittent submaximadxecise,i.e. use a high stimulation rate (up to 250 Hz) for
isometric contractions performed at refaly high (>30% 5-10 ms at the start of each contracifeand then decrease
MVC) intensity Consequently (i) a reduced number of the stimulation rate to lower frequencies (10-30 Hz, as
active aoss-bridges due to a decreased release ¥f i@ reported by Bellemarest al, 19838 or progressiely

a decreased sensitty of the myofilaments to G& and/or reduce the frequegdor the remainder of the contraction.
(iif) a reduced force produced by each &etross-bridge The assessment of E-C coupling alterations induced by this
could explain a laye part of the decrease in force“close toin vivd' stimulation pattern would then prie
generating capacity obsed during this kind of eluntary more realistic data about subtle adjustments that occur
exacise to exhaustion in humanso @etermine which of during the deelopment of muscle dtigue in the intact
these mechanisms arevatved in vivo, we investigated animal.

changes in neuromuscular function induced by a sustained

submaximal isometric contraction performed inotw Human Single fibre
different sessions with slight adjustments of either the

muscle length or feedback typé>®° In both sessions a CN_S

similar reduction in MVC and the same extent of central | ..o Br?'”

fatigue were obsemd immediately after the xercise, continuous exercise ™| ; Cannot be used
whereas electricallywoked twitch properties were Spinal cord

differently altered:1>% Furthermore, M-&ve parameters I

were relatvely well-preserved. As a reduction in force — Ne“jfn’g‘i‘jrf“'a' =

producFion per cross-bridge wouldfexdt twitch force and Evoked contraction T Continous high
MVC. _s.|m|larly, we @an thus speculate that a reduceé‘*@a at high stimulation MUSCLE frequency
sensitvity and/or a decreased €arelease by the SR in frequency | Sarcolemma = stimulation
response to a single shock are the major mechanisms of the H

reduced twitch force. Therefore the mechanisms < T-tubules =

underlying the rapid drop in force in single fibre (phase 3) '

are likely to be similar to those that occur during a task « Ca* release .,

. . . . from SR .
performed until vluntary exhaustion in humans (Figure 4). i Repeated tetani
However, in humans, the central component aitigue Myoﬁt)ri”ar (late fatigue)
should not be ignored, as it is oftewalved in the &tigue Exercise >30% MVC sensitivity to =
process (see abe). It seems that the relaé importance Ca?
of central adaptations increases when continuous, lo v )
intensity eercise (<30% MVC) is performed. This = Croiﬁz;sgdge = R(Z‘;f/f/t?a‘ii;e;:)”’

intensity-dependent origin of musckgifjue is also likely to
occur during sport adfities; thus, the performance in a . ) o
400m race (less than 1 min)ould be limited by Figure 4. Schematic epresentation of the potential sites

intramuscular processes mainlywhereas running a (middle part) and their role in the fatigue development in
marathon (more than 2h)owld result in a greater extent ofhumans (left part) and single muscle fibres (right part).
central fatigue. Hoever performance in enduranceemts Flanking descriptions indicate at wiicsage d fatigue
is not only dependent on the neuromuscular systetrisb ead lewel is affected. CNS = central nervous system
also greatly influenced by cardiac and ventilatory processes,
as well as technique, which makes tratigue-induced In conclusion, the decrease in MVC induced by a
decrease in performance difficult to monitor. prolonged isometric contraction can be mainly atted to

It is clear that human and single fibre models cafypairment within the muscle fibres, and particularly to
gan from the other and help us to better understand the ﬁEﬁanges in G4 handling. Similarly task failure of a
tuning that occurs during whole bodyeecise and reogery.  continuous or intermittent contraction performed at middle
On the one hand, it seems that the cellular mechanismsy@tigh intensity (>30% MVC) can be largely explained by
force reduction are similar during repeated or sustaingtc coupling failure, whereas centratijue accounts for

isometric contractions in humans and intact single cells aggh inapility to sustain a continuousiéeve of force.
would then mainly imolve dhanges in C& handling. On

the other hand, the complerocess of sluntary haustion Acknowledgments

or increased perogid efort appears to rarelyynlve only ) . i
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