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Abstract Data from experiments on single, intact musc1e fibres from Xenopus and 
mouse, aimed at elucidating cellular mechanisms of fatigue are summarized. Ouring 
prolonged tetani there is evidence that conduction of action potentials down the t
tubuli may fail, leading to reduced Ca2+ release in the central part of the fibre. Ouring 
repeated short tetani there is a uniform decline of Ca2+ across the fibre; in addition 
there is a reduction of force generating capacity of the crossbridges and diminished 
myofibrillar Ca2+ sensitivity. The possible relation of these alterations to changes in 
metabolite concentrations is discussed. 

Muscle fatigue, here defined as a decline in force output during a period of activity, can be -
and has been - studied in a number of different systems, from human athletes to minute 
myofibrillar preparations such as segments of 'skinned' musc1e fibres. We have employed 
single, intact fibres for fatigue studies for the last 5-6 years. The advantage of this type of 
preparation is th at adequate oxygenation is not a problem, the extracellular milieu can be 
controlled and changed rapidly if desired, and the action of drugs can be evaluated with high 
time resolution. Also, fibres of different types can be studied separately. It should be realized, 
however, that what we use is a simplified model of musc1e fatigue and that in a whole musc1e 
changes in the extracellular milieu are likely to contribute to fatigue development. 

In the initial studies we used amphibian muscIes because at th at time this was the only kind 
which was amenable to single fibre dissection. We have used Xenopus muscIe, because in this 
species fibres are relatively large and clearly differentiated into different types which can be 
identified and selected during the dissection. We chose to work on fibres from toe muscIes 
(lumbricals) because these are short (l .5-1.8 mm) which facilitates electrical recordings. 
Lumbrical muscIes contain fibres of amphibian types I, 2, and 3, roughly corresponding to 
mammalian types IIb, Ha, and I, respectively. With time we developed a technique for 
dissecting single fibres from mammalian musc1e as weIl (from mouse foot muscIes) and 
results from experiments with such preparations will also be discussed. 

Possible factors in fatigue 

Signals for motor activity from the motor cortex are conveyed down the spinal cord to 
eventually activate motor neurons. Action potentials then travel out along motor nerve fibres, 
transmit across the neuromuscular junction and set up action potentials in the muscIe fibres. 
Concomitant with the propagation along the surface mem bra ne the action potential invades the 
t-tubules and triggers release of Ca2+ from adjacent regions of the sarcoplasmic reticulum 
(SR). This causes [Ca2+1i to rise from a resting value of about 50 nM to 1-5 J.LM, which results 
in a confonnational change in the troponin-tropomyosin complex occurs which then allows 
interaction of the mobile parts of myosin molecules (crossbridges) with actin, 1eading to force 
generation. Relaxation occurs when Ca2+ is pumped back from the myoplasm into the SR by 
an ATP-dependent Ca2+ pump in the wall of the SR. 

It has been debated to what an extent the outflow of motor impulses from the CNS is 
reduced during fatiguing exercise. The concensus would appear to be that although such 
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reductions can and do occur, the major site of fatigue is the muscle itself (Bigland-Ritchie & 
Woods 1984). In the experiments we are concemed with here, the fibres are activated directly 
with transverse field stimulation, which means that neither neuromuscular transmission nor 
surface propagation of action potentials will be a limiting factor. 

1. Changes in action potential configuration 

We found, as have others, th at there are marked changes in the shape of the action potential 
especially with continuous, high frequency stimulation: the upstroke is less steep, the 
amplitude is reduced and repolarization is slowed down. However, an action potential of this 
altered configuration is still capable of eliciting a full-size, or even augmented, twitch 
(Lännergren & Westerblad 1986) from which it appears th at this change, per se, is not a cause 
of fatigue. 

2. Failure of t-tubule propagation 

It has often been suggested that propagation of action potentials down the t-tubules is a weak 
link in activation (e.g. lones 1981). Some of our experiments on Xenopus fibres give support 
for this idea (Lännergren & Westerblad 1986). With continuous high frequency stimulation 
(70 Hz) force stays up for about 5 s and th en declines rapidly. Three lines of evidence point 
towards t-tubule failure as a cause for the decline in this case: i) the early negative after
potential (EAP) becomes less evident. The EAP is usually taken as a sign of electrical activity 
in the t-tubules; ii) force recovery is very rapid, either at the end of stimulation, or also during 
stimulation if the stimulus frequency is suddenly reduced. The rapid recovery time is 
compatible with restitution of the ionic milieu in the t-tubules; iii) intracellular Ca2+ release, as 
monitored with fura-2 and imaging microscopy, changes from being homogeneous in the 
beginning, when the force is high, to showing a clear radial gradient with less Ca2+ in the core 
of the fibre when ten sion goes down (Westerblad et al. 1990) 

It is worth noting that in our experiments failure of inward spread of action potentials can 
occur at anormal extracellular K + concentration. In a whole working muscle blood flow is 
occluded even at moderate forces and K + wi11 accumulate in the extracellular space, reaching 
levels of 9-12 mM in mammalian muscle (Juel 1986; Medb0 & Sejersted 1990). The increase 
in [K+]o wil! accentuate K+ accumulation in the t-tubule lumen due to repeated action 
potentiais. It is thus possible th at even at moderate impulse frequencies t-tubule failure may 
develop in whole muscle and contribute to fatigue development. 

3. Decreased Ca2+ release 

Before discussing the possible contribution of failing Ca2+ release to fatigue it may be 
appropriate to briefly summarise current ideas about EC-coupling (t-tubule-SR transmission). 
The t-tubules and SR membranes are separated by a narrow space (width 10-15 nm) bridged 
by structures known as 'foot proteins'. The t-tubule membrane contains a modified Ca2+ 
channel (the dihydropyridine receptor) which acts as a voltage sensor. Depolarization of the 
membrane changes the conformation of the dihydropyridine receptor and this change affects a 
large protein complex which is both the foot protein and a Ca2+ channel in the SR membrane. 
The final result of t-tubule depolarization is opening of SR Ca2+ channels which allows Ca2+ to 
diffuse from the very high concentration in the SR to the much lower concentration in the 
myoplasm, removal of the steric block by the troponin-tropomyosin complex and start of the 
crossbridge cycle. 

Experiments performed nearly 30 years ago by Eberstein and Sandow (1963) suggested 
failing EC-coupling to be an important fatigue mechanism. They found that caffeine could 
restore twitch force in single frog fibres which had been fatigued by a long period of 
twitching. Caffeine acts directlyon SR Ca2+ channels and facilitates Ca2+ release (Rousseau et 
al. 1988). We repeated this type of experiment both on Xenopus and mouse fibres, fatigued by 
repeated tetanic stimulation and found in both cases th at caffeine caused a dramatic force 
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restoration (Westerblad & Lännergren 1986; Lännergren & Westerblad 1991). The result 
showed that in fatigue, the contractile machinery is still capable of substantial force 
production if sufficient Ca2+ release can be produced and suggested that failing Ca2+ release is 
an important mechanism of fatigue. Direct evidence for this view came from later experiments 
in which [Ca2+ l; was measured with aequorin (Allen et al. 1989) or with fura-2 in Xenopus 
fibres (Lee et al. 1991), later also in mouse fibres (Westerblad & Allen 1991). The change in 
amplitude of the Ca2+ transient during fatiguing, intermittent tetanie stimulation shows 
essentially the same pattern in Xenopus and mouse fibres. During the initial, fairly rapid 
period of tension decline to about 80% of the original the transient increases, it then slowly 
decreases while tension is relatively weil maintained and then finally decreases markedly in 
parallel with a final, rapid tension decline (reviewed in Westerblad et al. 1991; see also Fig. 
1). The importance of the reduction in Ca2+ release for the fall in tension is further 
substantiated by a concomitant increase in force and [Ca2+]i when caffeine is applied 
(Westerblad & Allen 1991). 

An important observation in studies of Ca2+ release in Xenopus fibres (Westerblad et al. 
1990) was that with intermittent tetanic stimulation there was a uniform decline in [Ca2+) i 
within fibres when force started to fall markedly, which indicates that t-tubule transmission 
does not fail in this fatigue model. 

4. Reduced Ca2+ sensitivity of the contractile proteins 

There are three principal mechanisms for reduced tension output in fatigue: i) reduced Ca2+ 

release; ii) reduced Ca2+ sensitivity of the contractile machinery; iii) reduced maximum force 
production by crossbridges. The first mechanism has just been discussed. As for the second 
possibility, experiments on skinned fibres have shown that metabolic changes which are likely 
to occur in fatigue , such as an increase in H+ and Pi concentration, displace the curve relating 
force to [Ca2+] to the right, i.e. decrease the myofibrillar Ca2+ sensitivity (Godt & Nosek 
1989). Recent experiments on mouse fibres by Westerblad and Allen (1991) show that at the 
end of a fatigue run, when force is down to about 35% of the original, the force-pCa curve is 
shifted by about 0.3 pCa units. Also in intact Xenopus fibres evidence for a diminished Ca2+ 

sensitivity was found (Lee et al. 1991). 

5. Decreased force production by crossbridges 

Several studies on 'skinned' fibre preparations have shown that the maximum force generation 
is depressed by metabolic changes which are likely to occur in fatigue. Thus, Cooke et al. 
(1988) and Godt & Nosek (1989) have demonstrated that a fall in pH from 7.0 to 6.5 together 
with an increase in Pi to 15 mM depresses maximum force by about 50%. Further, intracellular 
acidification of rested intact fibres by exposure to high CO2 reduces maximum tension by 15-
20% (e.g. Edman & Mattiazi, 1981). 

Before discussing how the observed changes in tetanie force, Ca2+ release and Ca2+ 

sensitivity might relate to changes in metabolite concentrations a brief summary of such 
changes will be given, together with reference to some new data on metabolite concentrations 
in fatigued single Xenopus fibres. 

Metabolite changes during fatigue 

There is a wealth of data on metabolic changes during fatigue. The values obtained depend on 
various factors such as the preparation, type of fatiguing stimulation, aerobic/anaerobic 
conditions and so forth. Typical changes are a decrease in PCr from 35 to 2.4 mM, a decrease 
in ATP from 6 to 4.6 mM, an increase in Pi from 5 to 25 mM and a decrease in pH from 7.0 to 
6.5 (reviewed by V!<!'llestad & Sejerstedt 1988; see also Godt & Nosek 1989; Westerblad et al. 
1991). A recent study by Nagesser et al. (1992) is of particular relevanee in the present 
context. They stimulated single Xenopus fibres (types 1 and 3) with intermittent tetani with a 
pattern similar to ours and measured, at various stages of fatigue, several metabolites of 
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interest. Their findings are plotted in schematic form in Fig. 1. It ean be seen that at 0.7-0-8 Po, 
when tetanie force starts to fall rapidly, PCr is fully depleted, A TP starts to deerease and IMP 
starts to rise. At 0.3-0.4 Po, the end-point of our fatigue runs, ATP is deereased by about 40%, 
Pi would have risen by about 30 mM, IMP has inereased to N 2 mM and laetate to N 40 mM 
(type 1 fibres). 
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Fig. 1. Schematic representation of changes occurring in fatigue. Top panel: force 
production in repeated 70 Hz tetani; middle panel: amplitude of Ca2+ transients; bottom 
panel: metabolite concentrations. Metabolite values refer to Xenopus type 1 fibres. Data 
eompiled from Westerblad & Allen (1991) and from Nagesser et al. (1992). 

Possible relation between metabolite changes and force reducing mechanisms 

It has long been recognized that there is a close correlation between metabolic eapaeity and 
the resistanee to fatigue (eg. Kugelberg & Lindegren 1979). A very clear demonstration of this 
at the single fibre level was reeently given by van der Laarse et al. (1991) where the time to 
fatigue (0.75 Po) was related to the energy balanee of Xenopus fibres of types 1-3, measured as 
SDH aetivity/myofibrillar ATPase aetivity, whieh gave a correlation eoeffieient of 0.93. The 
point of discussion is now how metabolite changes might have a bearing on the three cellular 
fatigue mechanisms referred to above and how they might develop with time. 

i) Reducedforce generation of cross-bridges. This change develops early as indicated by the 
finding that when force has fallen to about 0.8 Po (af ter 10-20 tetani), caffeine application does 
not give any force enhancement. The most likely eandidates for force depression, Pi and H+, 
have already been discussed above. It should be pointed out here that iso1ated mouse fibres 
show little pH change in fatigue produced by repeated tetani (Westerblad & Allen 1992) so for 
these fibres Pi would be the dominant factor. 
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ii) Reduced Ca2+ sensitivity. Force-pCa curves have mainly been measured towards the end of 
fatiguing stimulation, i.e. when force is down to 0.3-0.4 Po, and compared with resting 
conditions so it is not possible to state in detail how sensitivity changes with time. Judging 
from skinned fibre results the metabolic changes which are most likely to be responsible are 
inceases in Pj and H+, similar to the case of maximum force depression. 

iii) Reduced Ca2+ release. In our experimental model there was evidence for failing t-tubule 
function during a prolonged tetanus at high frequency, but not with repeated tetanic 
stimulation. In principle, a homogeneous depression of Ca2+ release might be due to either a 
decreased Ca2+ content of the SR or inhibition of the release mechanism. The finding that 
caffeine can release substantial amounts of Ca2+ in fatigued fibres is difficult to reconcile with 
SR depletion. Further, electron pro be microanalysis of the ionic content of the SR of fatigued 
fibres failed to show a decrease in Ca2+ concentration (Gonzalez-Serratos et al. 1978). 

Considering the second possibility, i.e. failure of Ca2+ release, Fig. 1 suggests that the 
failure might be connected with metabolic changes. One suggestive point is th at the marked 
fall in the amplitude of the Ca2+ transient coincides with the time when ATP starts to decline. 
A TP is known to be required for the opening of SR Ca2+ channels (Smith et al. 1985), but it 
appears that also ADP and AMP can fulfil this role, at least for channels incorporated into 
artificial membranes. However, it has recently been demonstrated that phosphorylation of the 
voltage-sensitive DHP-channels in the t-tubules increases their readiness to open in response 
to depolarization (Mundina-Weilenmann et al. 1991). It is conceivable th at phosphorylation 
also of the SR Ca2+-channels is important for their opening probability, thus giving the 
phosphorylation potential ([A TP)/[ADP][Pd ratio) in the vicinity of the channels a possible 
functional role. 

A second feature of the metabolic changes depicted in Fig. lis th at decreased Ca2+ release 
coincides with a rise in IMP concentration. The effect of IMP on channel opening appears not 
to have been investigated but it cannot be excluded that it has an inhibitory effect. 

A consequence of the fall in ATP is th at cytoplasmic [Mg2+] will rise since ATP forms a 
complex with Mg2+ with a higher binding constant than for other nucleotides. Westerblad & 
Allen (1992) have shown that free [Mg2+ L does indeed rise during the final phase of a fatigue 
run. This is of particular interest since it has been demonstrated by Lamb and Stephenson 
(1991) that an increase of [Mg2+] from its normal resting value of 1 mM to 3 mM significantly 
inhibits Ca2+ release from semi-intact fibre preparations. A direct test of the Mg2+ inhibition 
hypothesis by injection of Mg2+ into intact mouse fibres showed th at the inhibition was not 
large enough to explain the tension reduction in fatigue. However, the combination of 
increasecd Mg2+ and low A TP might be more effective in inhibiting Ca2+ release. 

Yet another connection between a fall in ATP and reduced Ca2+ release might be provided 
by ATP-sensitive K + channels which exist in skeletal muscle (Spruce et al 1987). These 
channels are opened at low [ATP]j, augmenting K+ efflux (CastIe & Haylett 1987) and 
changing the shape of the action potential (Sauviat et al 1991) which could lead to impaired 
activation of the Ca2+ release channels by the t-tubule voltage sensors. 

Previous experiments on isolated Ca2+ channels in artificial membranes indicated that their 
opening probability is greatly reduced by low pH (Ma et al. 1988). However, using 
mechanically skinned fibres, where channels remain in a more natural environment, Lamb et 
al. (1992) have shown that acidosis in alllikelihood has very little effect on Ca2+ release under 
physiological conditions. Thus, a fall in pHj, as observed especially in amphibian type 1 fibres 
(but not in mouse fibres, see above) does not depress force via interference with Ca2+ release 
but more likely through an effect at the crossbridge level. 

Relevanee of single fibre studies 

The results summarized here are all derived from experiments on isolated fibres. A question 
which naturally arises is how representative they are for fatigue in vivo. One factor which 
differs is th at in the single fibre experiments the preparation is continuously superfused with 
fresh solution so that the extracellular environment remains constant. In whole muscles, on the 
other hand, blood flow is impeded already during moderate contractions, which means that 
substances such as lactic acid and K + ions wiU accumulate in the extracellular space. These 
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changes in extracellular compOSItion may aggravate some of the fatigue mechanisms 
described. For instance, changes in pH; are likely to be more pronounced than we have 
observed and ionic changes in the t-tubule lumen may occur more readily, increasing the risk 
of failure of inward spread of action potentials. On the other hand, in single fibre experiments 
the extracellular milieu can be modified in a controlled way, allowing a systematic analysis of 
the contribution of extracellular changes to the development of muscle fatigue. 
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