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Limited oxygen diffusion accelerates fatigue development
in mouse skeletal muscle

Shi-Jin Zhang, Joseph D. Bruton, Abram Katz and Håkan Westerblad

Department of Physiology and Pharmacology, Karolinska Institutet, SE-171 77 Stockholm, Sweden

Isolated whole skeletal muscles fatigue more rapidly than isolated single muscle fibres. We

have now employed this difference to study mechanisms of skeletal muscle fatigue. Isolated

whole soleus and extensor digitorum longus (EDL) muscles were fatigued by repeated tetanic

stimulation while measuring force production. Neither application of 10 mM lactic acid nor

increasing the [K+] of the bath solution from 5 to 10 mM had any significant effect on the

rate of force decline during fatigue induced by repeated brief tetani. Soleus muscles fatigued

slightly faster during continuous tetanic stimulation in 10 mM [K+]. Inhibition of mitochondrial

respiration with cyanide resulted in a faster fatigue development in both soleus and EDL muscles.

Single soleus muscle fibres were fatigued by repeated tetani while measuring force and myo-

plasmic free [Ca2+] ([Ca2+]i). Under control conditions, the single fibres were substantially

more fatigue resistant than the whole soleus muscles; tetanic force at the end of a series of 100

tetani was reduced by about 10% and 50%, respectively. However, in the presence of cyanide,

fatigue developed at a similar rate in whole muscles and single fibres, and tetanic force at the end

of fatiguing stimulation was reduced by ∼80%. The force decrease in the presence of cyanide was

associated with a ∼50% decrease in tetanic [Ca2+]i, compared with an increase of ∼20% without

cyanide. In conclusion, lactic acid or [K+] has little impact on fatigue induced by repeated tetani,

whereas hypoxia speeds up fatigue development and this is mainly due to an impaired Ca2+

release from the sarcoplasmic reticulum.
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Extensive activation of skeletal muscle leads to a decline
in contractile function known as fatigue. Fatigue in vivo
can be either central or peripheral, i.e. due to a decreased
ability of the nervous system to activate the muscle cells,
or due to impaired function of the muscle cells themselves
(Gandevia, 2001). Mechanisms of peripheral fatigue can
be studied in isolated muscle preparations that are
activated without the involvement of the nervous system.
Such studies have revealed two fundamentally different
mechanisms underlying the decreased force production
in fatigued muscle cells: (i) impaired excitability of the
sarcolemma due to a depolarization caused by altered
Na+–K+ gradients; (ii) metabolic changes associated
with anaerobic ATP metabolism that cause impaired
intracellular Ca2+ handling and/or defective function of
the contractile proteins (Fitts, 1994; Allen et al. 1995).

Lactate and hydrogen ions accumulate within muscle
cells during most types of intense activity. The resulting
acidification has been considered as a major cause of
peripheral fatigue (Fitts, 1994). However, later studies
showed that acidosis has only a minor depressive effect

on force production in mammalian muscle cells studied at
physiological temperatures (Pate et al. 1995; Westerblad
et al. 1997). Intriguingly, recent results indicate that
acidosis may actually counteract fatigue development by
depressing the negative effects of increased extracellular
[K+] (Nielsen et al. 2001). Subsequent studies showed
that acidosis decreases the sarcolemmal Cl− permeability,
thereby reducing the Na+ current required to generate
action potentials that can propagate into the t-tubular
system and activate the t-tubular voltage sensors (Pedersen
et al. 2004, 2005).

Apart from glycogen breakdown and production of
lactate and hydrogen ions, anaerobic metabolism also
involves breakdown of creatine phosphate (CrP) and
accumulation of creatine and inorganic phosphate ions
(Pi). Pi has been suggested to have a central role in fatigue
by inhibiting cross-bridge force production as well as
sarcoplasmic reticulum (SR) Ca2+ release (Westerblad et al.
2002).

We have noted a markedly faster decline of force
during fatiguing stimulation of isolated whole slow-twitch
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soleus muscles as compared to single soleus fibres. For
instance, tetanic force is decreased to about 40% of the
control after 100 repeated tetani in whole soleus muscles
(Dahlstedt et al. 2000), whereas a similar stimulation
scheme minimally affects force in single soleus fibres
(Bruton et al. 2003). To gain further insights into
mechanisms of peripheral fatigue, we now investigated
possible mechanisms of the faster fatigue development
in whole muscles. In an initial series of experiments,
isolated whole muscles were fatigued by repeated short
tetani while exposed to lactic acid (10 mm) or an increased
bath [K+] (10 mm). We hypothesized that application
of lactic acid would increase fatigue resistance by
preventing action potential propagation failure, whereas
exposure to increased [K+] would have the opposite
effect. However, neither of these interventions affected
the rate of fatigue development. In a subsequent series
of experiments, isolated whole muscles and single soleus
fibres were fatigued in the presence of cyanide, which
inhibits mitochondrial respiration. This resulted in equally
fast fatigue development in whole muscles and single
fibres, suggesting that limited O2 diffusion plays a key role
in fatigue.

Methods

General

Adult, male mice (NMRI strain) were killed by rapid
neck disarticulation. All procedures were approved by
the Stockholm North local ethical committee. Intact
slow-twitch soleus and fast-twitch extensor digitorum
longus (EDL) muscles were isolated and mounted at
optimum length (i.e. where maximum tetanic force was
obtained) in a stimulation chamber (Myobath, World
Precision Instruments), which had a volume of 10 ml
and was filled with Tyrode solution (see below). The
isolated muscles were stimulated with supramaximal,
0.5 ms current pulses delivered via two plate electrodes
lying parallel to the long axis of the muscle. Single muscle
fibres were dissected from soleus muscles, mounted at
optimum length in a stimulation chamber and superfused
with Tyrode solution (Bruton et al. 2003). To measure
myoplasmic free [Ca2+] ([Ca2+]i), the isolated fibre was
injected with the fluorescent indicator indo-1 (Molecular
Probes/Invitrogen); the methods for measuring indo-1
fluorescence and translating it to [Ca2+]i are described
elsewhere (Bruton et al. 2003).

Solutions

The following Tyrode solution was used under control
conditions (mm): NaCl 121; KCl 5.0; CaCl2 1.8; MgCl2 0.5;
NaH2PO4 0.4; NaHCO3 24.0; EDTA 0.1; glucose 5.5; 0.2%
fetal calf serum. The solution was continuously bubbled
with 5% CO2–95% O2, which gives a bath pH of 7.4.

Test solutions were prepared by: (i) adding 10 mm lactic
acid (bath pH 7.1); (ii) increasing [K+] to 10 mm while
decreasing [Na+] to 116 mm; (iii) adding 2 mm sodium
cyanide (NaCN).

All reagents and enzymes used in the study were from
either Sigma-Aldrich or Boehringer Ingelheim, unless
stated otherwise.

Stimulation protocol for whole muscles

Experiments were performed at both 25◦C and 35◦C, since
the effects of high K+ and acidosis on force exhibit large
temperature differences (Westerblad et al. 1997; Pedersen
et al. 2003). Muscles from both legs were mounted in
separate stimulation chambers and allowed to rest for
30 min in standard Tyrode solution. Contractions were
induced by stimulating at 50 Hz and 70 Hz for soleus
muscles and 70 Hz and 100 Hz for EDL muscles at 25◦C
and 35◦C, respectively; with these frequencies tetanic force
was about 80% of the maximum that can be achieved. The
tetanus duration was 600 ms for soleus and 300 ms for EDL
muscles. After producing a control tetanus, the solution
was changed to a test solution with lactic acid or increased
[K+] in one chamber, whereas the other muscle remained
in standard Tyrode solution. Tetanic contractions
were produced at ∼2 min intervals for 20 min, and
fatiguing stimulation then started. In experiments where
mitochondrial respiration was inhibited with cyanide
(Albaum et al. 1946; Sahlin & Katz, 1986; Adler et al.
1999), one muscle was exposed to cyanide for 5 min before
fatiguing stimulation started. During fatigue induction,
muscles were stimulated at 2 s intervals, and a total of
100 and 50 tetani were given to soleus and EDL muscles,
respectively. The more demanding fatiguing stimulation
for soleus was used to obtain a similar force decrease in the
two muscles.

In a separate set of experiments, fatigue was induced by
continuous tetanic stimulation under control conditions
and with 10 mm [K+] (25◦C). Soleus muscles were then
stimulated at 50 Hz for 60 s while EDL muscles were
stimulated at 70 Hz for 15 s.

Measurements of metabolites

Soleus and EDL muscles were stimulated, respectively, by
repeated 50 Hz or 70 Hz tetani (as described above) in
the presence or absence of cyanide (30◦C). Muscles were
frozen in liquid nitrogen immediately after the cessation of
fatiguing stimulation. Muscles were freeze-dried, cleaned
from connective tissue, extracted with ice-cold 0.5 m

perchloric acid, and centrifuged. The supernatant was
neutralized with 2.2 m KHCO3, centrifuged and the
latter supernatant was stored at −80◦C. Metabolites
were analysed with enzymatic techniques adapted for
fluorometry, measuring changes in NADH or NADPH
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as described elsewhere (Bruton et al. 1997). The
concentration of metabolites was adjusted to the mean
total Cr content (sum of CrP and Cr).

Stimulation protocol for single soleus muscle fibres

The temperature of the solution in the single fibre
stimulation chamber was 25–27◦C. After being injected
with indo-1 (see above), the isolated fibre was allowed
to rest for ∼60 min. Cells that, after this rest period,
produced less than 90% of the pre-injection tetanic force
were discarded. Each fibre was exposed to two series of
fatiguing tetani, one in standard Tyrode solution and one
after 5 min exposure to cyanide. The order was randomized
so that half of the fibres were first fatigued under control
conditions and the other half in the presence of cyanide.
Fibres were allowed to rest for at least 60 min between the
two fatigue runs. Fatigue was induced by giving 100 tetani
(70 Hz, 500 ms) at 2 s intervals, except in two fatigue runs
in the presence of cyanide where stimulation was stopped
when force had decreased to 40% of the initial.

Measurements and statistical analyses

In whole-muscle experiments, we measured the maximum
force developed in test contractions and throughout
fatiguing stimulation. In single-fibre experiments, force
and [Ca2+]i were measured as the mean during the last
100 ms of the tetanus. Data are expressed as mean ± s.e.m.

Student’s paired t test was used to establish significant
differences between treated and control preparations. The
significance level was set at P < 0.05.
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Figure 1. Exposure to lactic acid had no significant impact
on fatigue development
Soleus (A and B) and EDL (C and D) muscles were fatigued by
repeated tetani in the presence of 10 mM lactic acid (•) or under
control conditions ( �). Experiments were performed at 25◦C
(A and C) or 35◦C (B and D). Data represent mean ± S.E.M.;
n = 4 at 25◦C and 6 at 35◦C. The force in each muscle was
normalized to that prior to the 20 min ± lactic acid incubation
period.

Results

Application of lactic acid or increasing K+ has no
marked effect on fatigue induced by repeated
tetanic stimulation

Exposure to lactic acid (10 mm) for 20 min had no
significant effect on the tetanic force produced before
or during fatiguing stimulation in either soleus or EDL
muscles (Fig. 1).

In an early series of experiments, the bath [K+] was
increased from 5 to 12 mm (25◦C), and after 20 min
exposure, tetanic force was decreased by 22.3 ± 6.7% in
soleus and 19.7 ± 5.2% in EDL muscles (n = 3). Due to the
marked decrease in pre-fatigue force, we did not perform
any further experiments with 12 mm K+. Exposure for
20 min to 10 mm K+ at 35◦C resulted in some, although
not significant, decrease in pre-fatigue tetanic force in both
soleus and EDL muscles. Fatigue development was not
faster in 10 mm compared to 5 mm K+ (Fig. 2).

The lack of effect of increased [K+] on fatigue induced
by repeated brief tetani was unexpected. We therefore
performed an additional set of experiments where fatigue
was induced by a continuous tetanic contraction, which,
compared to repeated short tetani, induces an increased
stress on action potential propagation, especially in
the t-tubular system (Lännergren & Westerblad, 1987;
Westerblad et al. 1990; Duty & Allen, 1994). With
continuous tetanic stimulation, mean force was generally
lower in 10 mm than in 5 mm K+ in both soleus and EDL
muscles (Fig. 3), but the difference was small and only
significant (P < 0.05) in soleus muscles between 10 s and
50 s of stimulation.
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Figure 2. Increasing extracellular [K+] had no significant
effect on fatigue induced by repeated tetanic contractions
Soleus (A and B) and EDL (C and D) muscles were fatigued in
10 mM (•) or 5 mM ( �) [K+]. Experiments were performed at
25◦C (A and C) or 35◦C (B and D). Data represent
mean ± S.E.M.; n = 6 at 25◦C and 5 at 35◦C. The force in each
muscle was normalized to that prior to the 20 min incubation
period in 10 mM or 5 mM [K+].

Fatigue development in whole muscles is faster
in the presence of cyanide

Since neither application of lactic acid nor increasing [K+]
had any significant impact on fatigue induced by repeated
tetani, it appears that these factors cannot explain the
faster fatigue development in isolated whole muscles as
compared to single fibres. We therefore investigated the
role of hypoxia, by producing fatigue in muscles where
mitochondrial respiration was blocked by cyanide. Tetanic
force was significantly decreased after 5 min exposure to
cyanide in both muscles and at both temperatures (Fig. 4).
The forces during fatigue were also markedly smaller in
the presence of cyanide. Under control conditions, tetanic
force showed a rapid decrease during the first few tetani.
This pattern was altered in cyanide-exposed muscles where
force initially showed little change or actually increased. To
illustrate this difference, measurements of force in the third
fatiguing tetanus are included in Fig. 4.

To confirm that anaerobic metabolism was accelerated
in cyanide-exposed muscles, we measured metabolites
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Figure 3. The force decrease during
continuous tetanic stimulation was slightly
larger when the bath [K+] increased
Soleus (A) and EDL (B) muscles were fatigued
by continuous tetanic stimulation in 10 mM (•)
or 5 mM ( �) [K+]. Experiments were performed
at 25◦C. Data represent mean ± S.E.M. (n = 4).
∗Significant difference between 10 mM and
5 mM [K+] (P < 0.05). For each muscle, the
maximum force during the continuous tetanus
was set to 100%.

in soleus and EDL muscles (n = 6). In the fatigued
state, CrP was significantly lower in muscles exposed
to cyanide than in controls (soleus 2.4 ± 0.5 versus
13.4 ± 1.9 μmol (g dry muscle)−1, P < 0.01; EDL 1.9 ± 0.3
versus 19.6 ± 2.3 μmol (g dry muscle)−1, P < 0.001) and
there was a corresponding increase in Pi (soleus 58.7 ± 3.3
versus 40.1 ± 3.0 μmol (g dry muscle)−1, P < 0.01; EDL
88.1 ± 3.9 versus 61.2 ± 2.8 μmol (g dry muscle)−1,
P < 0.001). Lactate was also higher in cyanide-exposed
than control muscles (soleus 58.1 ± 4.3 versus 37.3
± 5.2 μmol (g dry muscle)−1, P < 0.05; EDL 102.2 ± 5.5
versus 64.2 ± 1.0 μmol (g dry muscle)−1, P < 0.001).
Thus, cyanide-exposed muscles exhibited increased
non-oxidative ATP production.

Force declines rapidly during fatiguing stimulation
of single soleus fibres in the presence of cyanide

Figure 5 shows representative original records of tetanic
[Ca2+]i and force obtained in a single soleus fibre that was
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Figure 4. The force during repeated tetanic stimulation
was markedly decreased when mitochondrial respiration
was blocked by cyanide
Soleus (A and B) and EDL (C and D) muscles were fatigued in
the presence of 2 mM cyanide (•) or under control conditions
( �). Experiments were performed at 25◦C (A and C) or 35◦C
(B and D). Data represent mean ± S.E.M. (n = 6). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗ P < 0.001 versus control. The force in each
muscle was normalized to that prior to the 5 min ± cyanide
incubation period.

first fatigued under control conditions and subsequently,
after a 60 min recovery period, in the presence of cyanide.
There was a striking difference between the two fatigue
runs in that little change in [Ca2+]i and force was observed
during the series of 100 tetani in control, whereas both
[Ca2+]i and force were substantially decreased in the
fatigued state in the presence of cyanide. Mean data (n = 4)
showed a decrease in tetanic force of only ∼10% at the end
of fatiguing stimulation under control conditions, whereas
force was markedly decreased in the presence of cyanide
(Fig. 6A). Tetanic [Ca2+]i increased during the initial part
of fatiguing stimulation in control, whereas it showed a
monotonic decrease in the presence of cyanide (Fig. 6B).
Thus, the reduction in tetanic force during fatigue in
cyanide is associated with a decreased SR Ca2+ release.
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Figure 5. Representative [Ca2+]i and force
records obtained from fatigue runs
produced in a single soleus fibre under
control conditions and subsequently in the
presence of cyanide
Traces obtained from the first and last (100th)
tetani of fatiguing stimulation in normal Tyrode
solution (A) and in the presence of 2 mM

cyanide (B). The fibre was allowed to rest for
60 min between the two fatigue runs.

For comparison Fig. 6A also includes mean data from
whole soleus muscles fatigued with (dashed line) and
without (dotted line) cyanide. It is clear that while
whole muscles fatigued much faster than single fibres
under control conditions, the rate of fatigue was virtually
identical during cyanide exposure.

Discussion

To obtain a better understanding of mechanisms under-
lying peripheral fatigue, we studied possible causes of
the faster fatigue development during repeated tetanic
stimulation in isolated whole muscles as compared
to single muscle fibres. Our results indicate that the
faster fatigue development in whole muscles is not the
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result of impaired action potential propagation due to
increased extracellular [K+]. Instead, the results suggest
that fatigue is a consequence of hypoxia, because whole
muscles and single muscle fibres fatigued at the same
rate when mitochondrial respiration was inhibited by
cyanide.

In the first series of experiments, muscles were
exposed to 10 mm lactic acid, which is similar to the
venous lactate concentration measured in humans during
exhaustive exercise (Juel et al. 2004). During the pre-fatigue
incubation period, this is expected to result in an influx
of lactate and hydrogen ions mainly via the lactate–H+

cotransporter (Juel, 1997), resulting in a decrease in
intracellular pH of ∼0.2 pH units (Nielsen et al. 2001).
During the subsequent fatiguing stimulation period, the
added lactic acid would hinder the export of lactate and
hydrogen ions produced by glycogenolysis and in this way
exaggerate the fatigue-induced acidification. Nevertheless,
the addition of lactic acid did not have any marked effect
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Figure 6. Force and [Ca2+]i of single soleus fibres decreased
rapidly during repeated tetanic stimulation in the presence of
cyanide
Relative tetanic force (A) and [Ca2+]i (B) during fatigue in the presence
of 2 mM cyanide (•) or under control conditions ( �). Force and [Ca2+]i
of the first fatiguing tetanus was set to 100% and data represent
mean ± S.E.M. (n = 4). Force and [Ca2+]i of the two groups were
significantly different (P at least < 0.01) at all time points except for
force at 10 tetani. Dotted and dashed lines in A show mean forces
from whole soleus muscles fatigued by repeated tetani at 25◦C in
control and in the presence of cyanide, respectively (data taken from
Fig. 4).

on fatigue development in either soleus or EDL muscles,
which agrees with recent results on rat soleus muscles
(Kristensen et al. 2005). Thus, these results support the
conclusion that accumulation of lactate and hydrogen ions
is not a major cause of fatigue (Pate et al. 1995; Bangsbo
et al. 1996; Bruton et al. 1998; Posterino et al. 2001; Lamb,
2002; Westerblad et al. 2002). Furthermore, the present
results do not support the hypothesis that acidosis may
delay fatigue development by improving action potential
propagation (Nielsen et al. 2001; Pedersen et al. 2004,
2005). One likely reason for this is that action potential
propagation failure is not a limiting factor during fatigue
induced by repeated, brief tetani, and this will be discussed
below.

In the next series of experiments, muscles were exposed
to an increased [K+] of 10 mm, which is similar to the
maximum venous plasma [K+] during intense exercise
(Sejersted & Sjøgaard, 2000). During exercise each action
potential results in efflux of K+ (and influx of Na+),
and hence the interstitial [K+] in muscles will increase
and be higher than that in the venous plasma (Sejersted
& Sjøgaard, 2000). In fact, interstitial [K+] > 10 mm has
been measured during intense exercise with microdialysis
probes (Juel et al. 2000; Nielsen et al. 2004). Thus, it is clear
that during repeated contractions, extracellular [K+] can
reach levels that markedly depress force production when
applied to isolated muscles stimulated at long intervals
(Clausen et al. 1993). Having this in mind, we expected
that force would decrease more rapidly during fatigue
when [K+] of the bath solution was increased from 5 mm

to 10 mm. However, the force decrease during repeated
tetanic stimulation was not affected by the increased
bath [K+] (Fig. 2). One possible mechanism behind this
unexpected result involves the Na+–K+ pumps. These are
activated by increases in extracellular [K+] and intra-
cellular [Na+] (Sejersted & Sjøgaard, 2000; Clausen, 2003).
When rested fibres are exposed to increased [K+], there
is no immediate increase in intracellular [Na+], and
the Na+–K+ pumps are therefore not fully activated.
During repeated contractions, on the other hand, both
extracellular [K+] and intracellular [Na+] increases, which
effectively activates the pumps (Clausen et al. 1998).
Furthermore, repeated contractions appear to increase the
sensitivity of the pumps to intracellular [Na+] (Clausen,
2003). Since Na+–K+ pumping is electrogenic and causes a
hyperpolarization, effective activation of the pumps would
counteract the depolarization induced by increasing [K+]
during fatiguing stimulation (Sejersted & Sjøgaard, 2000;
Clausen, 2003).

In an additional set of experiments, muscles were
fatigued by a continuous tetanic contraction which,
compared to repeated short tetani, induces an increased
stress on action potential propagation, especially in the
t-tubular system (Westerblad et al. 1990; Duty & Allen,
1994). In these experiments, mean force was more reduced
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at increased bath [K+], but the difference compared to
normal [K+] was limited (Fig. 3). Thus, the present results
indicate that action potential failure due to increased
extracellular or t-tubular [K+] is not a key factor in skeletal
muscle fatigue.

The O2 delivery to muscle cells of isolated whole
muscles depends on diffusion from the surface of the
muscle. Therefore muscle cells in deeper parts of isolated
muscles will experience a hypoxic/anoxic milieu, especially
during fatiguing stimulation when O2 demand is increased
(Barclay, 2005). Isolated whole muscles would then
depend more on anaerobic metabolism during fatiguing
stimulation, and this could lead to faster fatigue
development. Bearing this in mind, we compared fatigue
development in the absence and presence of cyanide,
which reversibly blocks mitochondrial respiration (Adler
et al. 1999). Both soleus and EDL muscles displayed a
larger force decrease during fatigue in the presence of
cyanide (Fig. 4), which indicates that aerobic metabolism
occurred in both muscles, and that this reduced the force
decline during fatigue. Accordingly, our measurement of
metabolites in fatigued soleus and EDL muscles showed a
larger decrease of CrP and increase of Pi and lactate ions in
the presence than in the absence of cyanide. We also studied
fatigue in single soleus fibres, where problems with O2

diffusion do not exist. Under control conditions, isolated
soleus fibres exhibited only limited force decrease during
fatiguing stimulation (Figs 5 and 6), which is consistent
with the idea that the faster fatigue development in whole
muscles is due to hypoxia. This idea was further supported
by the fact that single soleus fibres fatigued markedly
faster when mitochondrial respiration was inhibited by
cyanide. In fact, they then fatigued at a rate similar to
that of cyanide-exposed whole soleus muscles (see Fig. 6A).
Moreover, a markedly accelerated fatigue development in
the presence of cyanide has previously been observed in
single fast-twitch fibres of mouse flexor digitorum brevis
muscles (Lännergren & Westerblad, 1991; Westerblad &
Allen, 1991). Thus, these results indicate that hypoxia,
and the resultant increased dependency on anaerobic
metabolism, plays a central role in fatigue. Since lactate
and hydrogen ions had no significant impact on fatigue
development in the present experiments (see above), the
link between anaerobic metabolism and faster fatigue
development most likely involves a net breakdown of ATP
or increased CrP hydrolysis leading to accumulation of Pi.

Numerous studies on skinned muscle fibres have shown
that increased [Pi] reduces both the cross-bridge force
production and the myofibrillar Ca2+ sensitivity (Cooke &
Pate, 1985; Millar & Homsher, 1990). Thus, direct effects of
increased [Pi] on the contractile machinery may contribute
to the more pronounced decrease in force during fatigue
in the presence of cyanide.

A faster fatigue development accompanied by decreased
tetanic [Ca2+]i has been observed in cyanide-exposed

single fast-twitch fibres of mouse flexor digitorum brevis
muscles (Westerblad & Allen, 1991). In line with this, the
present results show a marked decrease of tetanic [Ca2+]i

during fatigue of single soleus fibres exposed to cyanide
that did not occur under control conditions (Figs 5 and 6).
Thus, one reason for the accelerated force decrease during
fatigue in cyanide is impaired SR Ca2+ release. There are
several mechanisms by which decreases in [ATP] or [CrP]
or increased [Pi] can reduce SR Ca2+ release; for instance
(i) a net breakdown of ATP and an associated increase
in [Mg2+] and ATP breakdown products may inhibit the
SR Ca2+ release channels (Blazev & Lamb, 1999; Laver
et al. 2001), and (ii) increased [Pi] may result in Ca2+–Pi

precipitation in the SR lumen and hence a decrease in the
[Ca2+] available for release (Fryer et al. 1995; Dahlstedt
& Westerblad, 2001; Dahlstedt et al. 2003; Dutka et al.
2005). Alternatively, decreased [CrP] and a net ATP break-
down may impair action potential propagation, and hence
decrease SR Ca2+ release, via mechanisms that are not
directly dependent on an increased extracellular [K+]. For
example, a decreased energy buffering may decrease the
action potential amplitude by limiting the hyperpolarizing
action of the ATP-driven Na+–K+ pumps or by opening
of ATP-sensitive K+ channels (KATP channels); both of
these mechanisms have been associated with fatigue (Duty
& Allen, 1995; Gong et al. 2003; Petersen et al. 2005).
Further experiments are required to distinguish between
these possible causes of decreased SR Ca2+ release in
hypoxic muscles.

One important question that arises from the present
results is: which type of fatiguing pattern resembles
that in vivo, the relatively fast decline in force seen in
whole muscles or the fatigue-resistant pattern observed in
single fibres? Mouse soleus muscles consist of slow-twitch
type 1 and fast-twitch type 2A fibres (Marechal &
Beckers-Bleukx, 1993). Motor units with these fibre
types show little force decrease when they are fatigued
by repeated tetanic contractions in situ (Burke et al.
1973; Kugelberg & Lindegren, 1979). Furthermore, during
fatigue induced by repeated tetani, force was only reduced
by 20% after 120 tetani in rat soleus muscles stimulated in
situ (Roy et al. 2002), which compares to a 60% decrease
after ∼80 tetani in isolated rat soleus muscles stimulated
with a similar protocol in vitro (Lunde et al. 2001). Thus,
the limited force decline during fatigue in isolated single
fibres more closely resembles that in vivo, whereas isolated
whole muscles fatigue prematurely due predominantly
to limitations in the O2 diffusion to deeper parts of the
muscle.
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