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High temperature does not alter fatigability in intact
mouse skeletal muscle fibres
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Intense activation of skeletal muscle results in fatigue development, which involves impaired
function of the muscle cells resulting in weaker and slower contractions. Intense muscle activity
also results in increased heat production and muscle temperature may rise by up to ∼6◦C.
Hyperthermia is associated with impaired exercise performance in vivo and recent studies have
shown contractile dysfunction and premature fatigue development in easily fatigued muscle
fibres stimulated at high temperatures and these defects were attributed to oxidative stress. Here
we studied whether fatigue-resistant soleus fibres stimulated at increased temperature show
premature fatigue development and whether increasing the level of oxidative stress accelerates
fatigue development. Intact single fibres or small bundles of soleus fibres were fatigued by 600 ms
tetani given at 2 s intervals at 37◦C and 43◦C, which is the highest temperature the muscle would
experience in vivo. Tetanic force in the unfatigued state was not significantly different at the two
temperatures. With 100 fatiguing tetani, force decreased by ∼15% at both temperatures; the free
cytosolic [Ca2+] (assessed with indo-1) showed a similar ∼10% decrease at both temperatures.
The oxidative stress during fatigue at 43◦C was increased by application of 10 μm hydrogen
peroxide or tert-butyl hydroperoxide and this did not cause premature fatigue development.
In summary, fatigue-resistant muscle fibres do not display impaired contractility and fatigue
resistance at the highest temperature that mammals, including humans, would experience
in vivo. Thus, intrinsic defects in fatigue-resistant muscle fibres cannot explain the decreased
physical performance at high temperatures.

(Resubmitted 12 June 2009; accepted after revision 8 August 2009; first published online 12 August 2009)
Corresponding author J. D. Bruton: Department of Physiology and Pharmacology, Karolinska Institute, Stockholm
S-171 77, Sweden. Email: joseph.bruton@ki.se

Abbreviations [Ca2+]i, free cytosolic Ca2+ concentration; FDB, flexor digitorum brevis; ROS, reactive oxygen and
nitrogen species; SR, sarcoplasmic reticulum; t-BOOH, tert-butyl hydroperoxide.

Muscle contractions result in an increased muscle
metabolism and endogenous heat production. Indeed,
exercise has been shown to induce muscle temperature
to rise by 3–5◦C to attain values as high as 41◦C
in human vastus lateralis muscle (Saltin et al. 1972;
Gonzalez-Alonso et al. 1999; Nybo & Nielsen, 2001) and
up to 44◦C in rat thigh muscle after exhaustive exercise
(Brooks et al. 1971). During repeated or prolonged muscle
contractions, there is a reduction in force production,
i.e. fatigue develops (for a review see Allen et al.
2008b). In vitro studies of intracellular fatigue mechanisms
have often been performed at room temperatures
and fatigue properties may be different at higher
physiological temperatures of mammalian muscle. For
example, it has been shown that while acidosis has
large negative effects on contractile function at low
temperatures, the effects are limited at higher, more

physiological temperatures (Ranatunga, 1987; Pate et al.
1995; Westerblad et al. 1997). Similarly, the depressant
effects of inorganic phosphate on force production are
considerably less at near-physiological temperatures than
at lower temperatures (Coupland et al. 2001).

Numerous studies have shown oxidative stress and an
increased production of reactive oxygen and nitrogen
species (ROS) during physical exercise both in humans and
animal models and this has been associated with impaired
contractile function (for recent review see Powers &
Jackson, 2008). An important functional role of ROS
during exercise is supported by recent studies showing
that endurance training results in an improved endo-
genous ROS defence in muscle (Brooks et al. 2008; Ristow
et al. 2009). Recently, premature fatigue development
was observed when intact single fibres of mouse flexor
digitorum brevis (FDB) muscles were fatigued at 37◦C
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(Moopanar & Allen, 2005, 2006), which is about 6◦C above
the in situ temperature of this muscle (Bruton et al. 1998).
Moreover, a marked force depression has been shown in
skinned extensor digitorum longus fibres at a temperature
about 6◦C above the normal in situ temperature (van der
Poel & Stephenson, 2002). These deleterious effects at high
temperature were prevented by treatment with antioxidant
and therefore they were attributed to an increased ROS
production (van der Poel & Stephenson, 2002; Moopanar
& Allen, 2005). However, it should be noted that not all
in vitro studies show premature fatigue development at
higher temperatures (Cifelli et al. 2007; Roots et al. 2009).

We have now studied contractile consequences of
increased temperature in isolated fibres of mouse soleus
muscle, which is a deeply located and tonically active
calf muscle composed of fatigue resistant type I and
type IIa fibres (Hennig & Lømo, 1985; Marechal &
Beckers-Bleukx, 1993). Contracting muscles generate heat
and the soleus muscle is intensely activated during leg
exercise (e.g. evidenced by impaired excitability after
prolonged running exercise; Racinais et al. 2007) and
hence it can experience markedly increased temperatures
in vivo. We hypothesized (1) that fatigue would occur
more rapidly at increased (43◦C) than at normal (37◦C)
temperature and (2) that the early fatigue development
is due to oxidative stress resulting in decreased
myofibrillar Ca2+ sensitivity, which is a process highly
sensitive to ROS in mouse muscle fibres (Andrade et al.
2001; Moopanar & Allen, 2005). To test these hypotheses,
we simultaneously measured force and the free cytosolic
[Ca2+] ([Ca2+]i) during fatigue induced by repeated
tetanic stimulation. Unexpectedly, the results show no
premature fatigue in soleus fibres at increased
temperature. We then performed additional experiments
at increased temperature where the oxidative stress
was increased by application of peroxides, but the
force decrease during fatiguing stimulation was still not
accelerated.

Methods

Ethical approval

The studies were approved by the Stockholm North
local ethical committee. Adult male mice (NMRI; weight
30–38 g) were housed at room temperature and fed ad
libitum. Animals were killed by rapid neck disarticulation
and muscles were thereafter removed.

Isolation of muscle preparations

Intact single fibres or bundles consisting of up to four
muscle fibres were dissected from isolated soleus muscles
as previously described (Bruton et al. 2003). Fibres were

mounted horizontally between an adjustable hook and
an Akers AE801 force transducer (resonance frequency
3.5 kHz) as close as possible to the thin glass coverslip
bottom of the perfusion channel of a muscle bath. Fibres
were flanked by platinum plate electrodes, which were
used to stimulate the fibres with supramaximal current
pulses (duration 0.5 ms). The preparations were stretched
to the length at which maximum tetanic force was
obtained. Contractions were evoked using stimulus trains
with a duration of 600 ms. A control force–frequency
(10–120 Hz) curve was obtained by stimulating the fibres
at 1 min intervals. Fibres were then stimulated every 2 s
with 100 tetani at 100 Hz. In a few experiments, fibres
were subjected to two fatigue runs separated by 60 min.
Additional experiments were performed on easily fatigued
fibres from FDB muscles, which are mainly composed of
IIa and IIx fibres (Allen et al. 1993; Gonzalez et al. 2003).
FDB fibres were studied using the same protocol as for
soleus fibres with the exception that tetanic duration was
350 ms and fatiguing stimulation continued until force
was decreased to 40% of the original. Biochemical fibre
typing of the cells used in the present study was not
performed.

Solutions

Muscle fibres were superfused with a Tyrode solution
containing (mM): NaCl 121, KCl 5, MgCl2 0.5, Na2HPO4

0.4, CaCl2 1.8, EDTA 0.1 (to chelate trace amounts of
metal ions), NaHCO3 24 and glucose 5.5; and also fetal calf
serum (0.2%, Gibco). This solution was bubbled with 95%
O2–5% CO2 (pH 7.4). The temperature of the solution
flowing through the muscle bath was kept constant by
passing it through the inner glass coil of a heated Graham
condenser. The temperature of the bath solution was
routinely measured in front of the hook furthest from
the solution inflow. The temperatures used were 37◦C and
43◦C for soleus fibres and 31◦C and 37◦C for FDB fibres,
which reflects the in vivo temperatures at rest and the
temperatures that could be reached during intense exercise
in these muscles (Brooks et al. 1971; Saltin et al. 1972;
Bruton et al. 1998; Gonzalez-Alonso et al. 1999; Nybo &
Nielsen, 2001; Zhang et al. 2006a). Fibres were equilibrated
at each temperature for up to 30 min before the start of
force measurement. In some experiments at 43◦C, soleus
fibres were exposed to 10 μM hydrogen peroxide (H2O2)
or 10 μM tert-butyl hydroperoxide (t-BOOH) for 5 min
and then fatigued.

Measurement of myoplasmic [Ca2+]i

Single dissected soleus fibres were pressure-injected with
the fluorescent indicator indo-1 in order to measure
[Ca2+]i. Following injection of the dye, fibres were left
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for a further 45 min before any measurements were made.
The dye was excited with light at 360 ± 5 nm, and the light
emitted at 405 ± 5 and 495 ± 5 nm was measured with
two photomultiplier tubes. The fluorescence ratio of the
light emitted at 405 nm to that emitted at 495 nm (R) is
monotonically related to [Ca2+]i according the following
equation (Grynkiewicz et al. 1985):

[Ca2+]i = K D β (R − Rmin) (Rmax − R)−1,

where K D is the apparent dissociation constant of indo-1,β
is the ratio of the 495 nm signals at very low and saturating
[Ca2+]i, Rmin and Rmax are the ratios at very low and
saturating [Ca2+]i, respectively. β, Rmin and Rmax vary
between experimental set-ups (e.g. due to light source,
filters and detection devices) and they are not the same in
simple salt solutions and in the intracellular environment.
K D should not depend on the experimental set-up but
is affected by the intracellular environment. We have
not performed intracellular calibration experiments at
the different temperatures used in the present study and
therefore data are presented as changes in R. One potential
problem with using indo-1 to measure tetanic [Ca2+]i

is that it is a high Ca2+ affinity indicator with a K D of
∼300 nM in skeletal muscle cells (Andrade et al. 1998)
and the tetanic R might then be close to Rmax. If this were
the case, minor changes in R would reflect large changes in
[Ca2+]i and hence changes in [Ca2+]i during fatigue would
be underestimated. However, increasing the stimulation
frequency in unfatigued fibres from 100 to 120 Hz resulted
in a significant increase in the tetanic R by 7 ± 2% at 37◦C
and 10 ± 2% at 43◦C (n = 5, P < 0.05). Thus, indo-1 was
not close to Ca2+ saturation during the 100 Hz tetani used
to induce fatigue and relative changes in tetanic R would
then translate to similar relative changes in [Ca2+]i.

Statistics

Values are expressed as means ± S.E.M. Two-way repeated
measures ANOVA (SigmaStat 3.11, Systat Software) was
used when comparing repeated measurements (time or
frequency and temperature) and when this showed a
significant difference, the Holm–Sidak post hoc test was
performed. Student’s paired or unpaired t tests were
also used when appropriate. P < 0.05 was considered to
indicate statistical significance.

Results

Force and [Ca2+]i in unfatigued muscle fibres

Figure 1 shows that increasing the temperature from 37◦C
(A) to 43◦C (B) had little effect on the amplitude of force
and indo-1 R (reflecting [Ca2+]i) during 100 Hz tetani
produced in an unfatigued soleus fibres. Mean data show
no significant difference between force in 100 Hz tetani
at 37◦C (323 ± 32 kPa, n = 4) and 43◦C (373 ± 26 kPa,
n = 5) (P > 0.05). Increasing the temperature from 37 to
43◦C did not increase resting force in any of the fibres
tested. The indo-1 R during 100 Hz tetani was similar at
37◦C (3.14 ± 0.32, n = 7) and 43◦C (2.60 ± 0.27, n = 7)
(P > 0.05).

The force–frequency relationship of soleus fibres was
shifted to higher frequencies at 43◦C as compared to 37◦C
(Fig. 2) and the mean force at 50 Hz stimulation was 30%
lower at 43◦C than at 37◦C (P < 0.05). For comparison,
Fig. 2 also shows force–frequency data of FDB fibres
at 37◦C (15–150 Hz) and these are similar to those for
soleus at 43◦C. Mean values of the half-contraction time
(51 ± 6 vs. 46 ± 5 ms, n = 8–9) and half-relaxation time
(40 ± 6 vs. 27 ± 2 ms) were longer at 37◦C than at 43◦C,
although the differences were not statistically significant

Figure 1. Increasing the temperature from 37 to
43◦C had little effect on tetanic force and [Ca2+]i
Original force (upper part) and indo-1 R (reflecting
[Ca2+]i; lower part) records from 100 Hz tetani produced
in a soleus fibre at 37◦C (A) and subsequently at 43◦C
(B). The fibre was finally exposed to H2O2 (10 μM) for
5 min (C).

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



4720 N. Place and others J Physiol 587.19

Figure 2. The force–frequency relationship was shifted to
higher frequencies in soleus fibres at 43◦C as compared to 37◦C
Mean (± S.E.M.) data from soleus fibres stimulated at 37◦C (•, n = 8)
and 43◦C (◦, n = 7). For comparison, data from FDB fibres at 37◦C
are also included (�, n = 11, dotted line). The force at 100 Hz was set
to 100% in each fibre.

(P > 0.05). Taken together, the contractile speed of soleus
fibres increased slightly with increasing temperature.

Figure 1C shows representative tetanic force and indo-1
R records obtained in a soleus fibre exposed to 10 μM

H2O2 for 5 min at 43◦C. Mean data from experiments
with exposure to 10 μM H2O2 or t-BOOH show no change
in 100 Hz tetanic force as compared to before peroxide
application (6.4 ± 3.1%, n = 10, P > 0.05). Furthermore,
the rate of contraction and relaxation was not changed by
peroxide application: half-contraction time −0.5 ± 5.3%
and half-relaxation time −4.9 ± 6.2% of that before

peroxide application (P > 0.05). We measured [Ca2+]i

in the experiment depicted in Fig. 1 and in one more
experiment and observed no consistent effect of peroxide
application on the indo-1 R during 100 Hz tetani (8%
increase in one fibre and 8% decrease in the other as
compared to before peroxide application). [Ca2+]i was
not measured in the other experiments where peroxide
was applied.

In accordance with the results obtained in soleus fibres,
FDB fibres showed no temperature-dependent difference
in the force produced during 100 Hz tetani at 31◦C
(347 ± 38 kPa, n = 10) and 37◦C (346 ± 32 kPa, n = 11).

Force and [Ca2+]i during fatigue at normal and
elevated temperature

Figure 3 shows representative continuous force records
obtained during the series of 100 tetani. There was only
a minor force decrease during the series of contractions
both at 37◦C (Fig. 3A) and 43◦C (Fig. 3B). Typical records
for the first and last tetani in the series of 100 tetani
at 37◦C and 43◦C are superimposed in Fig. 3C and D,
respectively. At both temperatures the last tetanus showed
a minor (∼15%) force decrease and no change in the time
course of contraction and relaxation. Figure 4A shows that
the decrease in force over the series of 100 tetani was
similar at 37◦C (14 ± 7%) and 43◦C (18 ± 8%). The mean
indo-1 R was also slightly decreased at the end of fatiguing
stimulation, but again there was no significant difference
between 37◦C (11 ± 10%) and 43◦C (7 ± 6%) (Fig. 4B).
Force vs. indo-1 R plots were constructed to investigate
the relation between force and [Ca2+]i during fatigue
(Fig. 5). The results show a similar relationship between

Figure 3. Tetanic force was well
maintained in intact soleus fibres during
fatiguing stimulation at 37 and 43◦C
Typical continuous force records from intact
single soleus fibres fatigued by 100 Hz,
600 ms tetanic contractions repeated every
2 s at 37◦C (A) and 43◦C (B). Superimposed
force records on an expanded time axis from
the first (continuous line) and last (dotted
line) tetani of the fatigue run at 37◦C
(C) and 43◦C (D). Force in the first tetanus
set to 100%.
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tetanic force and indo-1 R under control conditions and
during fatigue both at 37 and 43◦C.

Additional experiments were performed on the more
easily fatigued FDB fibres and again no accelerated fatigue
development was observed at increased temperature.
Thus, the number of tetani required to decrease force to
40% of initial was 70 ± 25 at 31◦C (n = 18) and 94 ± 23
at 37◦C (n = 21) (P > 0.05).

Force and [Ca2+]i during fatigue of soleus fibres at
43◦C in the presence of peroxides

Some soleus fibres were fatigued at 43◦C under increased
oxidative stress, i.e. with 10 μM peroxide added to the
Tyrode solution (H2O2 for four fibres and t-BOOH for
five fibres). The changes in force during fatigue runs in
the presence of 10 μM peroxide were similar to those
observed at 37◦C and 43◦C in standard Tyrode solution
(Fig. 6). [Ca2+]i was measured in one soleus fibre exposed
to 10 μM H2O2 during fatigue and the indo-1 R was
decreased by 8% after 100 tetani, which is very similar
to the decrease observed in fibres fatigued at 37◦C and at
43◦C without peroxide (see Fig. 4B). Interestingly, all fibres
exposed to 10 μM t-BOOH went into a contracture and

Figure 4. Force and [Ca2+]i showed little change during
fatiguing stimulation at both 37◦C and 43◦C
Mean (± S.E.M.) data of relative force (A; n = 7–9) and indo-1 R
(reflecting [Ca2+]i) (B; n = 5–6) measured during the 1st, 10th, 25th,
50th, 75th and 100th contraction of the fatigue protocol. •, 37◦C; ◦,
43◦C. Data are expressed relative to the first tetanus, which was set to
100% in each muscle fibre.

died about 10 min after fatiguing stimulation, even when
t-BOOH was washed out immediately after the series of
100 tetani. This was never seen in fibres exposed to the
standard Tyrode solution. In 10 μM H2O2, fibres could
still contract 30 min after fatiguing stimulation. When
the H2O2 concentration was increased to 100 μM, fibres
developed a contracture and died within 3–6 min.

Discussion

The main purpose of the present study was to test whether
fatigue-resistant soleus fibres display premature fatigue
development when stimulated at the highest temperature
they might experience in vivo. Our major novel result
shows no difference in fatigability between the normal
and the high temperature, and premature fatigue at the
high temperature did not occur even after application of
10 μM peroxide.

In the present study, we used intact single fibres or
small fibre bundles to investigate the mechanisms of
fatigue at temperatures measured during exercise in vivo
(Brooks et al. 1971; Saltin et al. 1972; Gonzalez-Alonso
et al. 1999). A reason for using these preparations rather
than isolated whole muscle is that the latter preparation

Figure 5. Force–[Ca2+]i relationship during fatiguing
stimulation of soleus fibres was similar to that under control
conditions at both 37◦C and 43◦C
Mean (± S.E.M.) data of relative force plotted against relative indo-1 R
obtained under control conditions (•) and during fatigue (◦) at 37◦C
(A) and 43◦C (B). Data are expressed relative to the first tetanus, which
was set to 100% in each muscle fibre (n ≥ 5).

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



4722 N. Place and others J Physiol 587.19

has been shown to be problematic as hypoxia speeds
up fatigue development (Zhang et al. 2006b), especially
at temperatures above 25◦C (Segal & Faulkner, 1985;
Barclay, 2005). Before fatigue, the absolute force was not
different between normal (37◦C) and high physiological
temperatures (43◦C), which allowed a direct comparison
between the fatigability at the two temperatures. The
soleus fibres showed no signs of premature fatigue at either
37 or 43◦C, with a decrease in force and [Ca2+]i (i.e. indo-1
R) of only ∼10–15% at both temperatures, which is similar
to previous results at 24–26◦C (Bruton et al. 2003; Zhang
et al. 2006b). Thus, we observed no signs of premature
fatigue at high temperatures in fatigue-resistant soleus
muscle fibres.

A numbers of studies have shown increased ROS
production in skeletal muscle between room and physio-
logical temperatures or between normal and high physio-
logical temperature (37–43◦C) (Zuo et al. 2000; van
der Poel & Stephenson, 2002; Arbogast & Reid, 2004;
Edwards et al. 2007), although there is at least one study
where this was not observed (Kolbeck et al. 1997). In
fast-twitch extensor digitorum longus fibres the increased
ROS production at high temperature was accompanied
by a reduction in tetanic force, which was counter-
acted by application of antioxidant or reducing agents
(van der Poel & Stephenson, 2002; Edwards et al. 2007).
Conversely, a force depression at high temperature, which
was not prevented by antioxidants or reversed by reducing
agents, has been described in slow-twitch peroneus longus
fibres and strips of diaphragm muscles (van der Poel &
Stephenson, 2002; Oliver et al. 2008). In the present study,
we observed no decrease in tetanic force in soleus fibres
when the temperature was increased from 37 to 43◦C.

Furthermore, tetanic force was not decreased in FDB when
the temperature was increased from 31 to 37◦C. Thus,
intact soleus and FDB fibres can tolerate a temperature
∼6◦C above the in situ temperature without displaying
any decrease in tetanic force production.

We also increased the level of oxidative stress at 43◦C by
adding 10 μM peroxide to the bath solution. Peroxides
were used because they readily pass through the cell
membrane and they were added in the naturally occurring
form (H2O2) and in a form that cannot (t-BOOH) be
metabolized by cells. While addition of peroxides results
in an increased amount of oxidants in the muscle cells, it
differs from the endogenous increase in ROS production
during exercise where mainly superoxide ions are formed
(Powers & Jackson, 2008). A major portion of the super-
oxide ions are subsequently converted to H2O2 via super-
oxide dismutases or spontaneously, but the highly reactive
molecules hydroxyl radical and peroxynitrite may also
be formed. Our results show no change in tetanic force
or contractile speed of soleus fibres during 5 min of
exposure to peroxides at 43◦C in the unfatigued state.
Moreover, when fatigued at 43◦C in the presence of
10 μM peroxide, soleus fibres displayed only a minor force
decrease which was very similar to that observed at 37
and 43◦C in the absence of added peroxides. Thus, the
increase in oxidative stress induced by acute exposure
to peroxides does not adversely affect the contractile
function of soleus fibres either in the unfatigued state or
during fatiguing stimulation. Nevertheless, we observed
deleterious effects of peroxides but these only occurred
after prolonged exposure and fatiguing stimulation: 10 μM

t-BOOH induced cell death and increasing the H2O2 to
100 μM also caused cell death. Furthermore, while it might

Figure 6. Tetanic force was well
maintained in intact soleus fibres during
fatiguing stimulation at 43◦C in the
presence of peroxide
A, typical continuous force records from a
soleus fibre fatigued by 100 Hz, 600 ms
tetanic contractions repeated every 2 s at
43◦C in the presence of 10 μM H2O2. Force
is expressed relative to the first tetanus,
which was set to 100%. B, superimposed
force records on an expanded time axis from
the first (continuous line) and last (dotted
line) tetani of the fatigue run. C, mean
(± S.E.M.) data of relative force measured
during the 1st, 10th, 25th, 50th, 75th and
100th fatiguing tetani at 43◦C in the
presence of 10 μM H2O2 or t-BOOH (�,
n = 9). For comparison, mean data from
soleus fibres fatigued at 37◦C (dashed line)
and 43◦C (dotted line) in the absence of
peroxide are also shown (data from Fig. 2A).
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be suggested that an effect of peroxides on sarcoplasmic
reticulum (SR) Ca2+ handling was counteracted by an
effect on the myofibrils that resulted in unchanged force
production before and during fatigue, the results of our
experiments with [Ca2+]i measurements during peroxide
exposure (n = 2) indicate that this is unlikely to be the
case.

Studies mainly performed on easily fatigued muscle
have shown three principal components underlying the
decrease in force during fatigue: (i) decreased ability of
cross-bridges to generate force, (ii) decreased myofibrillar
Ca2+ sensitivity, and (iii) decreased Ca2+ release from
the SR (Allen et al. 1995). Force–[Ca2+]i plots can be
used to distinguish between these factors since (i) and
(ii) shift the force–[Ca2+]i relationship downwards and to
the right, respectively. In the present study we analysed
the force decrease in soleus fibres during fatigue at 37 and
43◦C in this respect and found that data points obtained
during fatigue fell along the force–[Ca2+]i relationship of
unfatigued fibres. Thus, there were no signs of impaired
myofibrillar function, i.e. factors (i) and (ii) above. By
exclusion the force decrease was then due to decreased SR
Ca2+ release. This might in turn be due to: impaired action
potential transmission along the surface membrane or in
the t-tubules; impaired function of the t-tubular voltage
sensors, the dihydropyridine receptors, or the SR Ca2+

release channels, the ryanodine receptors, or the coupling
between these two proteins (Allen et al. 2008a). In the
present study we did not attempt to distinguish between
these possible mechanisms.

We also performed experiments on easily fatigued FDB
fibres and observed no accelerated fatigue development
at high (37◦C) temperature, which is in accordance with
recent results from other laboratories (Cifelli et al. 2007;
Roots et al. 2009). However, it is in contrast to results
obtained in mouse FDB fibres with an experimental design
similar to that of the present study, where rapid fatigue
development was observed at 37◦C (Moopanar & Allen,
2005, 2006). However, a very recent study from that same
laboratory shows that the early fatigue development in
FDB fibres at 37◦C was due to iron ions leaking out of a
stainless steel heat exchanger and did not occur when an
aluminium heat exchanger was used (Reardon & Allen,
2009). Thus, recent studies do not support the idea of
accelerated fatigue development at high temperature in
isolated fast-twitch, easily fatigued fibres.

Conclusion and implications for human exercise

Several studies have reported that hyperthermia impairs
performance of prolonged isolated (Clarke et al. 1958;
Nybo & Nielsen, 2001; Todd et al. 2005) or global
(Gonzalez-Alonso et al. 1999; Drust et al. 2005) exercise in
humans. Our results show that the function of isolated

intact muscle fibres is preserved at high temperatures.
Therefore, in our opinion the reduction in performance
during exercise performed at high temperature in vivo is
not due to factors intrinsic to the muscle fibres. Instead,
altered function of the central nervous system appears
to have a central role in the impairment of exercise
performance at high temperature (Nybo & Nielsen, 2001;
Todd et al. 2005; Nybo, 2008).
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(C57 and NMRI). Pflügers Arch 424, 478–487.

Moopanar TR & Allen DG (2005). Reactive oxygen species
reduce myofibrillar Ca2+ sensitivity in fatiguing mouse
skeletal muscle at 37◦C. J Physiol 564, 189–199.

Moopanar TR & Allen DG (2006). The activity-induced
reduction of myofibrillar Ca2+ sensitivity in mouse skeletal
muscle is reversed by dithiothreitol. J Physiol 571, 191–200.

Nybo L (2008). Hyperthermia and fatigue. J Appl Physiol 104,
871–878.

Nybo L & Nielsen B (2001). Hyperthermia and central fatigue
during prolonged exercise in humans. J Appl Physiol 91,
1055–1060.

Oliver SR, Wright VP, Parinandi N & Clanton TL (2008).
Thermal tolerance of contractile function in oxidative
skeletal muscle: no protection by antioxidants and reduced
tolerance with eicosanoid enzyme inhibition. Am J Physiol
Regul Integr Comp Physiol 295, R1695–R1705.

Pate E, Bhimani M, Franks-Skiba K & Cooke R (1995).
Reduced effect of pH on skinned rabbit psoas muscle
mechanics at high temperatures: implications for fatigue.
J Physiol 486, 689–694.

Powers SK & Jackson MJ (2008). Exercise-induced oxidative
stress: cellular mechanisms and impact on muscle force
production. Physiol Rev 88, 1243–1276.

Racinais S, Girard O, Micallef JP & Perrey S (2007). Failed
excitability of spinal motoneurons induced by prolonged
running exercise. J Neurophysiol 97, 596–603.

Ranatunga KW (1987). Effects of acidosis on tension
development in mammalian skeletal muscle. Muscle Nerve
10, 439–445.

Reardon TF & Allen DG (2009). Time to fatigue is increased in
mouse muscle at 37◦C; the role of iron and reactive oxygen
species. J Physiol 587, 4705–4716.

Ristow M, Zarse K, Oberbach A, Klöting N, Birringer M,
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