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Abstract The present study examined whether calcium
handling in skeletal muscle fibres from ob/ob mice was
abnormal compared to normal mice. Simultaneous mea-
surements of free myoplasmic calcium and force were
made in mouse single intact muscle fibres at rest, during
repetitive stimulation and for 30 min afterwards. Fibres
were subjected to two bouts of intermittent tetanic
contractions 1 h apart. The first bout consisted of 50
tetani only, while during the second bout stimulation was
continued until force fell to 40% of control. During a bout
of 50 repeated contractions, muscle fibres from ob/ob
mice were unable to maintain basal calcium and tetanic
calcium transients. During a second series of contractions,
muscle fibres from ob/ob mice showed a marked
improvement in calcium handling compared to the first
series but still fatigued more rapidly than control fibres. It
is concluded that calcium handling in skeletal muscle
fibres from ob/ob mice is abnormal compared to fibres
from normal mice and this contributes to premature
fatigue.

Keywords Calcium · Contraction · Diabetes · Exercise ·
Insulin · Muscle fatigue ·

Introduction

Genetically obese mice that lack leptin (ob/ob mice) and
streptozotocin (STZ) injected rodents have been used as
animal models of type 2 and type 1 diabetes respectively
[9, 20, 27]. In isolated whole muscle preparations from
diabetic animals, force declines more quickly during
repeated contractions than in muscles from control
animals, i.e. diabetic muscle has a reduced endurance

([10, 22, 23] but see [31]). In addition, muscles from
diabetic animals generate contractions that are smaller
and have longer time courses than those from normal
animals [9, 23, 31]. It has been speculated that altered
contractile function in diabetic muscle may reflect
impaired intracellular Ca2+ homeostasis, in particular its
release and re-uptake by the sarcoplasmic reticulum (SR)
[10, 31]. Indeed, abnormal Ca2+ homeostasis has been
implicated in insulin resistance in various tissues (for
review see [21]). However measurement of Ca2+ uptake
by SR isolated from diabetic skeletal muscle has not
given a definitive answer with both increases [16] and
reductions reported [14]. Only one study to date has
addressed the question of Ca2+ handling by intact skeletal
muscle cells from mouse models of diabetes. That study
reported that in muscle isolated from agouti mice, resting
free myoplasmic [Ca2+] ([Ca2+]i) was elevated compared
to that measured in normal muscle cells [35]. In addition,
there was a greater influx of 45Ca2+ in insulin-resistant
muscle compared to control muscle which suggests that
the sarcolemma was more permeable to Ca2+.

Thus, at the moment there is little information
regarding Ca2+ homeostasis in intact skeletal muscle
fibres of ob/ob mice or other models of insulin resistance
or diabetes. The aim of this study was to examine Ca2+

handling in skeletal muscle fibres in ob/ob compared to
normal mice and determine if the altered force and time-
course of contractions in muscle from ob/ob animals was
due in part to abnormalities in Ca2+ handling. It was
found that at rest basal [Ca2+]i and tetanic Ca2+ transients
were not significantly different in intact single muscle
fibres of ob/ob and normal mice. However, during a bout
of repeated contractions, muscle fibres from ob/ob mice
were less able than those from normal mice to maintain
basal [Ca2+]i and tetanic Ca2+ transients.

Materials and methods
Animals and preparations

Young (3–5 months) C57BL genetically obese male mice (ob/ob)
and their wildtype counterparts (WT) were supplied by B & K
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Universal, Sollentuna, Sweden. Mice were killed by rapid neck
disarticulation. Extensor digitorum longus (EDL) and flexor
digitorum brevis muscles were removed. These studies were
approved by the local ethics committee.

Whole muscles

Metal clips were attached to the tendons and the EDL muscle was
suspended horizontally between an adjustable hook and a labora-
tory-built force transducer in a Perspex muscle bath. The muscle
preparations were flanked by platinum electrodes, which were used
for stimulation. Muscles were stretched to the length where
maximum tetanic force (P0) was obtained. For each muscle, a
control force-frequency curve was obtained by giving 500-ms tetani
between 1 Hz and 150 Hz at 1-min intervals and plotting the peak
force against the frequency. Force–frequency curves reveal gross
differences in force production which might indicate differences in
Ca2+ handling. After a 15-min rest period, the muscle was subjected
to 50 tetani (300 ms, 70 Hz) applied at 2-s intervals. Thirty minutes
afterwards, a second force–frequency curve was obtained. The
length of the EDL muscle in the muscle bath was measured and the
muscle was removed and gently blotted on tissue paper to remove
excess fluid and then weighed. The cross-sectional area of the EDL
muscle was estimated using muscle length and weight and
assuming a specific gravity of 1.06 mg ml–1.

Single muscle fibres

Single fibres were mechanically isolated from the flexor digitorum
brevis muscles. Platinum clips were attached to the tendons and the
fibres were suspended horizontally between an adjustable hook and
a force transducer (Akers AE 801) in the perfusion channel of a
muscle chamber. The diameter of the single fibres was measured in
order to calculate their cross-sectional area. The muscle fibres were
stimulated by platinum plate electrodes placed parallel to the long
axis of the fibre. For each fibre, a control force–frequency curve
was obtained by giving 500-ms tetani between 1 Hz and 150 Hz at
1-min intervals and plotting the peak force against the frequency.
After a 15-min rest period, the muscle was subjected to 50 tetani
(300 ms, 70 Hz) applied at 2-s intervals. Thirty minutes afterwards,
a second force–frequency curve was obtained. Fibres were left for a
further 30 min and then fatigued by repeatedly stimulating them
with 70-Hz, 300-ms tetani at 2-s intervals until force had declined
to 40% of the initial value. A final force–frequency curve was
obtained 30 min after the end of the fatiguing stimulation.

Measurement of myoplasmic [Ca2+] in single muscle fibres

Single muscle fibres were allowed to equilibrate for 30 min and
then a reference 70-Hz, 300-ms tetanus was evoked. Next the fibre
was pressure injected with the fluorescent indicator Indo-1 in order
to measure myoplasmic free calcium, [Ca2+]i. The dye was excited
with light at 360€5 nm and the light emitted at 405€5 nm and
495€5 nm was measured with two photomultiplier tubes. The ratio
(R) of the light emitted at 405 nm to that emitted at 495 nm was
translated to [Ca2+] using the following equation:

Ca2þ� �
¼ KDbðR� RminÞðRmax � RÞ�1 ð1Þ

where KD is the apparent dissociation constant of the dye (283 nM,
measured intracellularly), b is the ratio of the 495-nm signals at
very low and saturating [Ca2+], and Rmin and Rmax are the ratios at
very low and at saturating [Ca2+], respectively (for further details
see [2, 12]). Following injection of Indo-1, fibres were left for a
further 30 min before any measurements were made.

Basal [Ca2+]i was defined as the mean [Ca2+]i during the 100 ms
preceding a tetanus. Tetanic [Ca2+]i was defined as the mean
[Ca2+]i measured during the last 100 ms of stimulation in each
tetanus. Changes in the removal of Ca2+ by the SR were monitored
by measuring the mean [Ca2+]i over a 100-ms period (50–150 ms)

after the end of stimulation during the decay phase of the tetanic
Ca2+ transient. Force–calcium curves were plotted as the force
measured during the last 100 ms of stimulation in tetani at each
frequency against the [Ca2+]i measured during the same time
period. These data were then fitted with the following Hill
equation:

P ¼ ðPmax Ca2þ� �N
i ÞðCaN

50 þ Ca2þ� �N
i Þ
�1 ð2Þ

where P is the relative tetanic force, Pmax the calculated peak
tetanic force, Ca50 is the [Ca2+]i which gives 50% of Pmax, and N a
measure of the slope of the relationship.

Solutions

Muscle preparations were superfused with a solution containing (in
mmol l–1): NaCl 121, KCl 5, MgCl2 0.5, Na2HPO4 0.4, CaCl2 1.8,
EDTA 0.1, NaHCO3 24, glucose 5.5 and foetal calf serum (0.2%,
Gibco). This solution was bubbled with 95% O2/5% CO2 (pH 7.4).
All experiments were performed at room temperature (24–26�C).

Statistics

Values are expressed as mean €SEM. A Student’s unpaired t-test
and P<0.05 was used to check for statistical significance.

Results

Whole muscle basic contractile properties

The optimal lengths at which muscles generated maxi-
mum tetanic force (P0) were similar (WT: 11.5€0.3 mm
and ob/ob: 11.0€0.3 mm). Muscle weights were signif-
icantly less in ob/ob than WT EDL muscles, being
10.7€0.7 mg and 16.8€0.4 mg, respectively (P<0.05).
This was reflected in the mean force at 150 Hz measured
in ob/ob EDL muscles being 212.3€22.9 mN, which was
significantly less than that in WT EDL muscles,
307.6€17.5 mN (P<0.05). However, when the force was
normalised to cross-sectional area, the normalised max-
imum tetanic force evoked by 150 Hz was similar in ob/
ob and WT muscles (Table 1). The half-relaxation time of
tetanic contractions was significantly greater in rested ob/
ob muscles compared to rested WT muscles (Table 1).

Whole muscle contractile changes during
and after a bout of activity

During a series of 50 tetani, tetanic force decreased to the
same extent in the two groups (Table 1). In both the ob/ob

Table 1 Tetanic contraction properties in the extensor digitorum
longus (EDL) muscle in the first and last tetanus of a series of 50
tetani. Values are mean €SEM of six muscles

Wildtype ob/ob

Measured peak tetanic force (kPa) 199.4€14.6 211.7€10.1
Half-relaxation time first (ms) 28.8€2.6 39.2€3.8*
Half-relaxation time last (ms) 115.3€17.8 122.0€7.0
Force loss (%) 61.2€1.4 59.5€1.3

*P<0.05
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and WT groups, contractions became progressively
slower during the series of 50 tetani. Thus, the half-
relaxation time of the last tetanus was three and four times
longer than that of the first tetanus in the ob/ob and WT
groups, respectively (Table 1).

Typical force records obtained at 20 Hz and 150 Hz
before and 30 min after the series of 50 tetani are shown
in Fig. 1A. In the rested muscles, force production was
significantly greater at 20–50 Hz, (P<0.05) in the ob/ob
group than in the WT group (Fig. 1B). When the force–
frequency curves were repeated 30 min after the end of 50
tetani, force production at low frequencies in both groups
was considerably less than in the rested muscles, i.e. low-
frequency fatigue was present. Force production was now
significantly greater in the ob/ob group compared to the
WT group only at 20 Hz (Fig. 1C).

These results show that normalised force production
was not less in ob/ob muscles than in WT muscles. In
addition, ob/ob muscles did not fatigue more easily nor do
they show greater low-frequency fatigue during recovery
than their WT counterparts under the experimental
conditions used here.

Single fibre basic contractile properties

Normalised force production was not significantly differ-
ent between the two groups (Table 2). Typical force
records obtained at 20 Hz and 150 Hz before, 30 min after
a series of 50 tetani, and 30 min after fatigue to 40% of
the initial force are shown in Fig. 2. It can be seen that
30 min after either 50 tetani or fatigue to 40%, force was
markedly reduced at 20 Hz but was little affected at
150 Hz. Figure 3A shows the force–frequency response
curve of ob/ob and WT single toe muscle fibres in the
rested state. Force production in the ob/ob fibres was
significantly greater than that in WT fibres at 30 Hz and
40 Hz. Force–calcium curves were calculated (see
Materials and methods) for fibres in the two groups.

Fig. 1 A Typical force responses to a 500-ms tetanus at 20 Hz and
150 Hz in an extensor digitorum longus (EDL) muscle from an ob/
ob (dotted line) muscle and wildtype (WT) (solid line) muscle
under control conditions (Control) and 30 min after 50 tetani (Post
50 tetani). Horizontal calibration bar is 1 s and the vertical bar is
120 kPa at 20 Hz and 225 kPa at 150 Hz. B Force-frequency curves
recorded from the EDL muscle of ob/ob mice or WT mice at rest. C
Force-frequency curves recorded from the same muscles 30 min
after the end of a series of 50 tetanic contractions (bottom). Values
are mean€SEM of six muscles in each case. An asterisk indicates
significant differences between ob/ob and WT; P<0.05

Table 2 Tetanic contraction properties in single toe muscle fibres
in the first and last tetanus of a series of 50 tetani. Values are mean
€SEM of eight fibres (Pmax peak tetanic force)

Wildtype ob/ob

Measured peak tetanic force (kPa) 386.6€11.4 371.2€16.9
Half-relaxation time first tetanus (ms) 42.5€4.6 64.4€6.9*

Half-relaxation time last tetanus (ms) 57.4€6.3 99.0€13.4*

Force loss (%) 24.4€4.2 38.1€5.3
Calculated Pmax (kPa) 384€11 358€17
Ca50 (nM) 761€114 507€92
N (dimensionless) 2.93€0.28 4.25€1.02
*P<0.05

Fig. 2 Typical force responses to a 500-ms tetanus at 20 Hz and
150 Hz from an ob/ob muscle fibre and WT muscle fibre under
control conditions (Control), 30 min after 50 tetani (Post 50 tetani)
or 30 min post fatigue (Post fatigue to 40%). Dotted lines represent
data from the ob/ob fibre and solid line data from the WT fibre.
Horizontal calibration bar is 1 s and the vertical bar represents
320 kPa at 20 Hz and 450 kPa at 150 Hz
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Pmax, Ca50 and N were not significantly different between
the two groups and were similar to values reported
previously for toe muscle fibres [2, 12], indicating that the
Ca2+ sensitivity of the myofilaments was similar (Table 2).

Single fibre [Ca2+]i and force changes during
and after 50 tetani

In the resting muscle fibres, the mean [Ca2+]i was not
significantly different in the two groups, being 73€15 nM
and 94€15 nM in the ob/ob and WT single muscle fibres,
respectively. Figure 4 shows the typical changes in
[Ca2+]i and force in an ob/ob fibre and a WT fibre during
a series of 50 tetani. During the initial part of the series,
the changes in [Ca2+]i and force were essentially the same
in the two fibres. However, over the last 10 tetani of the
series they behaved very differently especially in terms of
[Ca2+]i. Basal [Ca2+]i increased sharply in the ob/ob fibre

but not in the WT fibre (see Fig. 4, inset). The abrupt rise
in basal [Ca2+]i towards the end of the series was observed
in six of the eight ob/ob fibres but in none of the eight WT
fibres or in any previous study of repetitive contraction in
single fibres carried out in this laboratory (e.g. [11, 32]).
The mean increase in basal [Ca2+]i in the ob/ob group was
160€30 nM which was significantly greater than that
found in the WT group, 59€10 nM (P<0.05). The rise in
basal [Ca2+]i was largely reversed within 10 s after the
end of tetanic stimulation in all fibres. In the last tetanus
of the series of 50 tetani, tetanic [Ca2+]i had decreased
significantly by 35% from 1.72€0.31 �M to 1.13€0.65 �M
(P<0.05) in the ob/ob group but was unchanged in the WT
fibres, being 1.83€0.12 �M and 1.76€0.18 �M in the first
and the last tetanus, respectively. Tetanic force fell by
from 338.8€12.7 kPa to 210.3€19.7 kPa (P<0.05) in the
ob/ob group and from 333.7€10.9 kPa to 252.9€15.9 kPa
(P<0.05) in the WT group in the last compared to the first
tetanus. This decline in force over the series of 50 tetani
was not significantly different between groups (Table 2).

The force–frequency curves were repeated 30 min
after the end of 50 tetani (Fig. 3B). In both groups, force
production at low frequencies was significantly less than
in the rested muscle fibres, i.e. low-frequency fatigue was
present. However, there were no significant differences in
force production at any frequency between the ob/ob
group and the WT group.

Single fibre [Ca2+]i and force changes during
and after fatigue to 40% of the initial force

Fibres were then subjected to a more severe fatiguing
protocol by stimulating them repetitively until force fell
to 40% of its initial value. The average number of tetani
required to reduce force to 40% was significantly less
(P<0.05) in the ob/ob group compared to the WT group,
being 100€4 and 174€19, respectively. The typical
changes observed in [Ca2+]i and force in an ob/ob and a
WT fibre are shown in Fig. 5. Three striking features are
apparent. First, in contrast to the first series of 50 tetani,
there was now an increase in tetanic [Ca2+]i over the first
50 tetani in both groups of fibres. Second, especially in
the case of the ob/ob fibres, the decrease in the peak
tetanic force over the first 50 tetani was far less than that
seen in the first series of 50 tetani. Third, the abrupt rise in
basal [Ca2+]i observed in the ob/ob fibre towards the end
of the first series of 50 tetani was now postponed and
occurred much later in the stimulation period. It is striking
that the greatest rate of rise in basal [Ca2+]i in ob/ob fibres
occurred in the final 10 tetani of the period of fatiguing
stimulation, while in WT fibres basal [Ca2+]i rose steadily
during the period of stimulation (Fig. 5, inset). This rapid
increase in basal [Ca2+]i was observed in seven of the
eight ob/ob fibres examined but in none of the eight WT
fibres. It is noteworthy that the single ob/ob fibre which
did not show any abrupt rise in basal [Ca2+]i also failed to
show any abrupt rise in [Ca2+]i during the first period of
stimulation with 50 tetani. The abrupt rise in basal [Ca2+]i

Fig. 3 Force-frequency curves recorded from single muscle fibres
of ob/ob mice (dotted line) or WT mice (solid line) at rest (A),
30 min after the end of a series of 50 tetanic contractions (B) and
30 min after fibres had been fatigued (C). Values are mean€SEM of
the same eight muscle fibres in each case. An asterisk indicates
value is significantly different from the WT value; P<0.05
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also coincided with a rapid decline in both tetanic [Ca2+]i
and force in the ob/ob group (Fig. 6). The mean increase
in basal [Ca2+]i at the end of fatiguing stimulation was
166€31 nM in the ob/ob group and 65€21 nM in the WT
group and these values were significantly different from
each other (P<0.05).

In previous studies of fatigue in single muscle fibres, it
has been shown that basal [Ca2+]i rises due to a slowing of
calcium removal by the SR (e.g. [34]). A convenient
method of estimating a decrease in Ca2+ removal by the
SR is to measure [Ca2+]i during the decay phase of the
tetanic Ca2+ transient [33]. The decay [Ca2+]i was

Fig. 4 Typical example of the
changes in [Ca2+]i (A, B, C) and
force (D, E) of a single muscle
fibre from an ob/ob mouse (B
and E) or WT (A and D) mouse
during a series of 50 70-Hz,
300-ms tetani applied at 2-s
intervals. C Comparison of the
changes in basal [Ca2+]i in the
two muscle fibres over the pe-
riod of the last 25 tetani on an
expanded scale

Fig. 5 Typical example of the
changes in [Ca2+]i (A, B, C) and
force (D, E)of a single muscle
fibre from an ob/ob mouse (B
and E) or WT mouse (A and D)
during a series of 70-Hz, 300-
ms tetani applied at 2-s intervals
until force had fallen to 40% of
its initial value. C Comparison
of the changes in basal [Ca2+]i
over the period of the last 25
tetani in the two muscle fibres
on an expanded scale. The
fibres shown here are the same
as those shown in Fig. 4
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measured in the interval 50–150 ms after each tetanus. At
the start of fatigue, decay [Ca2+]i was 240€30 nM and
244€25 nM in the ob/ob and WT fibres, respectively. In
the last tetanus when force had fallen to 40%, decay
[Ca2+]i was significantly increased to 395€41 nM and
295€24 nM in the ob/ob and WT fibres, respectively. The
increase in decay [Ca2+]i was significantly greater in the
ob/ob than in the WT fibres. Thus, active uptake of Ca2+

into the SR was slowed to a greater extent in ob/ob fibres
than in WT muscle fibres during the induction of fatigue.

Previously, it was shown that mitochondria in mouse
toe muscle fibres from normal NMRI mice do not take up
Ca2+ [18]. One possible mechanism underlying the
sudden, sharp drop in tetanic [Ca2+]i and force is that
Ca2+ had accumulated in the mitochondria leading to
impaired energy production and increased reactive oxy-
gen species (ROS) production (see Discussion). We
measured mitochondrial Ca2+ using laser confocal mi-
croscopy and the Ca2+-sensitive dye Rhod-2 which
preferentially loads into the mitochondria (see [18] for
further details). However in all four ob/ob toe muscle
fibres that were examined, mitochondrial Ca2+ was
unchanged during the induction of fatigue (data not
shown).

Finally, the force–frequency curves were repeated
30 min after the end of stimulation (Fig. 3C). In both
groups, force production at low frequencies was consid-
erably less than in the rested muscles (Fig. 3A) or 30 min
after the series of 50 tetani (Fig. 3B), i.e. considerable

low-frequency fatigue was present. However, there were
no significant differences in force production between the
two groups, indicating that the same degree of low-
frequency fatigue was present in ob/ob and WT muscle
fibres.

Discussion

The major novel results of this study are as follows. First,
single muscle fibres from ob/ob and WT mice generate
similar tetanic forces when force is normalised to cross-
sectional area but relaxation is slower in ob/ob than WT
fibres. Second, in single muscle fibres subjected to
repeated contractions, tetanic [Ca2+]i and force decrease
more rapidly and abruptly in fibres from ob/ob mice than
WT mice. Third, following a bout of repeated activity,
there was a similar rightward shift in the force-frequency
curve of fibres from ob/ob and WT mice. Fourth, the
maintenance of basal [Ca2+]i during repeated tetanic
stimulation appears to be less well regulated in muscle
fibres from ob/ob mice than in WT fibres. Finally, a prior
bout of activity improves both the maintenance of [Ca2+]i

and the endurance or fatigue resistance of ob/ob fibres in
subsequent repeated contractions.

In the only previous report of force production in ob/ob
muscle, it was found that peak tetanic force production of
EDL muscles was not significantly different between ob/
ob and WT groups [31]. The present study demonstrates
that in the EDL muscle and also in single toe muscle
fibres, normalised force production was similar in ob/ob
and WT mice. It is notable that when force is normalised
to take account of cross-sectional area, force generation in
single fibres was greater (this study and [8, 12, 34]) than
that measured in whole muscle preparations [31]. This
may reflect the fact that single fibres consist solely of the
contracting fibre and measurement of their cross-sectional
area is not confounded by the presence of unseen
connective tissue, capillaries or inter-fibre spaces such
as occurs in whole muscle or even muscle strips.

Previously, it had been suggested that slower relax-
ation of contractions in muscle from ob/ob or STZ-treated
mice might be due to impaired Ca2+ handling in diabetic
compared to non-diabetic muscle [10, 31]. This hypoth-
esis was never directly tested. In enzymatically isolated
muscle fibres from agouti mice, which are both obese and
insulin-resistant, resting [Ca2+]i was found to be greater
than in fibres isolated from non-agouti mice [35].
However these data should be treated with caution since
their resting [Ca2+]i in normal muscle fibres was markedly
higher than that reported by other groups using a similar
enzymatic procedure to isolate muscle fibres [1, 19].
Thus, the elevated [Ca2+]i reported by Zemel et al. [35]
could indicate either that the sarcolemma was more
permeable to Ca2+ entry in the agouti mice or that it was
more susceptible to damage during the enzymatic isola-
tion of fibres. In the present study, basal [Ca2+]i was not
significantly different in ob/ob and WT fibres under
control conditions and the values obtained are comparable

Fig. 6 Mean tetanic [Ca2+]i (A) and force (B) of muscle fibres from
ob/ob mice (dotted line and open symbol) or WT mouse (solid line
and filled symbol) in the 1st, 50th, 90th and last tetanus of a series
of 70-Hz, 300-ms tetani applied at 2-s intervals. All data points are
mean €SEM of eight muscle fibres. Horizontal error bar indicates
the SEM of the number of tetani required to reduce force to 40% of
the initial value. An asterisk indicates value is significantly
different from the WT value; P<0.05

697



to those reported previously in mechanically isolated
muscle fibres [2, 12]. Similarly, tetanic Ca2+ transients in
non-fatigued single muscle fibres from ob/ob and WT
mice were almost identical, with no significant difference
in [Ca2+]i during the decay phase of the Ca2+ transient.
These findings suggest that Ca2+ handling mechanisms
are similar in ob/ob and WT muscle under control
conditions. Thus, there is little evidence to support the
suggestion that the slower relaxation of force seen in this
study and in previous studies is due to slower pumping of
Ca2+ into the SR. Since Ca2+ handling is not the problem,
it could be hypothesised that the slower relaxation of
force in ob/ob fibres reflects an increased Ca2+ sensitivity
of the myofilaments, i.e. the myofilaments can generate a
given force at a lower [Ca2+]i. However, as Table 2
shows, while the Ca2+ sensitivity was higher in ob/ob
fibres compared to WT fibres, the values were not
significantly different. A similar lack of difference in
Ca2+ sensitivity in muscle fibres from diabetic rats was
seen in the only previous study which examined the
problem [28]. Several alternative mechanisms including
altered cytoskeletal proteins can be advanced but one that
we favour is that the kinetics of cross-bridge detachment
are slower in fibres from ob/ob muscle than those from
normal muscle.

Muscle fibres from ob/ob mice were able to maintain
basal [Ca2+]i only for a limited period of repetitive
stimulation. It was quite unexpected to see the sharp rise
in basal [Ca2+]i that occurred in the majority of ob/ob
fibres towards the end of both series of repeated tetanic
stimulation. Possible causes of the rise in basal [Ca2+]i
include a reduced re-uptake of Ca2+ by the SR, an
increased leak of Ca2+ from the SR or an increased influx
of Ca2+ across the sarcolemma. The timing of the sharp
rise in basal Ca2+ coincided with a decline in the
amplitude of the tetanic Ca2+ transient. Active re-uptake
of Ca2+ into the SR is known to be slowed during fatigue
and this contributes to a rise in basal [Ca2+]i [34]. In the
present study, this slowing was reflected in the increased
[Ca2+]i measured during the decay phase of the tetanic
Ca2+ transient. It is important to note that the decay of the
Ca2+ transient was considerably more slowed in seven of
the eight ob/ob fibres when basal Ca2+ started to increase
suddenly than in the WT fibres which never showed any
abrupt rise in basal [Ca2+]i. The most parsimonious
interpretation of these data is that a significantly greater
inhibition of the SR Ca2+ pump during fatigue in ob/ob
fibres compared to WT muscle fibres is a major
contributor to the sudden rise in basal [Ca2+]i.

Towards the end of the induction of fatigue, both
tetanic Ca2+ and tetanic force fell more rapidly in ob/ob
fibres than in WT fibres. The decline in tetanic Ca2+ and
force in skeletal muscle fibres is a characteristic feature of
the latter stages of the development of fatigue [32, 34].
Repeated contractions result in an altered metabolite
profile in the muscle fibre. Numerous recent studies have
attempted to determine which metabolic changes in a
working muscle are involved in the development of
fatigue. It has long been know that intracellular pH is

lower in fatigued than rested muscle. Several groups have
demonstrated that this fall in intracellular pH is not the
cause of the decline of force that occurs during the
development of fatigue [5, 17]. Another candidate
resulting from the increased metabolic activity is the
increased production of ROS. Both ROS and enzymes
related to their elimination are elevated in resting diabetic
muscle [13, 24]. It is known that ROS can exert powerful
modulatory dose-dependent and time-dependent effects in
skeletal muscle [2, 26, 29]. Further work is required to
examine whether ROS are involved in the abrupt rise in
basal [Ca2+]i in ob/ob fibres during repeated tetanic
contractions.

Recent data suggest that one or more of the following
three factors play a major role in fatigue: decreased
glycogen stores resulting in a failure of the energy supply
[8], a decline in local [ATP] resulting in reduced release
of Ca2+ from the SR [3] and a rise in inorganic phosphate
which enters and precipitates with Ca2+ in the SR and thus
reduces Ca2+ available for release [11, 25]. In the
relatively few studies which have focused on the energetic
changes in diabetic muscle, it has been reported that
changes in glycogen, energy-rich phosphates and inor-
ganic phosphate during repeated sub-maximal contrac-
tions are either similar [6] or else slightly greater in
diabetic compared to normal muscle [7]. While no single
study has investigated the changes in glycogen content in
ob/ob muscle during repeated contractions, it is known
that resting glycogen levels in ob/ob muscle are only half
those in WT muscle [15]. It is possible that the lower
glycogen content in ob/ob muscle contributes to the faster
decline of tetanic Ca2+ and force in ob/ob fibres.

It is intriguing that the exercise-induced changes in
basal and tetanic Ca2+ in ob/ob muscle fibres started after
about 80 tetani in the second series of contractions
compared to after only 40 tetani in the first series. It
appears that the first bout of repetitive stimulation
induced some degree of adaptation or training effect in
the both groups but most obviously in the ob/ob muscle
fibres. This adaptation endured much longer than the
force potentiation resulting from light chain phosphory-
lation [30] or reduction of inorganic phosphate [4]
reported after brief bouts of tetanic contraction. The
mechanisms underlying this adaptation remain to be
identified.

In summary, under resting conditions muscle fibres
from ob/ob mice and normal mice show no major
differences in basal [Ca2+]i and tetanic Ca2+ transients.
However, during a bout of repeated tetanic contractions,
muscle fibres from ob/ob mice are less able to maintain
their control of [Ca2+]i. This results in elevated basal
[Ca2+]i, reduced tetanic [Ca2+]i and premature fatigue.
Interestingly, during a second series of contractions,
muscle fibres from ob/ob mice showed a marked
improvement in Ca2+ handling and maintenance of force.
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