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Kinetic changes in tetanic Ca2+ transients in enzymatically
dissociated muscle fibres under repetitive stimulation
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Non-technical summary The transient and progressive decrease in skeletal muscle performance
during contraction is known as fatigue. One of the phenomena associated with fatigue is an
alteration in the excitation–contraction coupling mechanism. Using isolated muscle fibres loaded
with the fast Ca2+ dye Magfluo-4, we have found that after a protocol of repetitive stimulation
there are alterations in the ability of the fibres to release and reuptake Ca2+, which are more
evident and rapidly established in fast fibres compared to slow ones. All alterations were reversed
after several minutes of rest and were not related to a phenomenon of inactivation of Ca2+ release.
These data increase our knowledge of the events present during muscle fatigue and will help
understand the mechanisms responsible for them.

Abstract We used enzymatically dissociated flexor digitorum brevis (FDB) and soleus fibres
loaded with the fast Ca2+ dye Magfluo-4 AM, and adhered to Laminin, to test whether repetitive
stimulation induces progressive changes in the kinetics of Ca2+ release and reuptake in a
fibre-type-dependent fashion. We applied a protocol of tetani of 350 ms, 100 Hz, every 4 s to
reach a mean amplitude reduction of 25% of the first peak. Morphology type I (MT-I) and
morphology type II (MT-II) fibres underwent a total of 96 and 52.8 tetani (P < 0.01 between
groups), respectively. The MT-II fibres (n = 18) showed significant reductions of the amplitude
(19%), an increase in rise time (8.5%) and a further reduction of the amplitude/rise time ratio
(25.5%) of the first peak of the tetanic transient after 40 tetani, while MT-I fibres (n = 5) did
not show any of these changes. However, both fibre types showed significant reductions in
the maximum rate of rise of the first peak after 40 tetani. Two subpopulations among the
MT-II fibres could be distinguished according to Ca2+ reuptake changes. Fast-fatigable MT-II
fibres (fMT-II) showed an increase of 32.2% in the half-width value of the first peak, while for
fatigue-resistant MT-II fibres (rMT-II), the increase amounted to 6.9%, both after 40 tetani.
Significant and non-significant increases of 36.4% and 11.9% in the first time constant of decay
(t1) values were seen after 40 tetani in fMT-II and rMT-II fibres, respectively. MT-I fibres did
not show kinetic changes in any of the Ca2+ reuptake variables. All changes were reversed
after an average recovery of 7.5 and 15.4 min for MT-I and MT-II fibres, respectively. Further
experiments ruled out the possibility that the differences in the kinetic changes of the first peak
of the Ca2+ transients between fibres MT-I and MT-II could be related to the inactivation of
Ca2+ release mechanism. In conclusion, we established a model of enzymatically dissociated
fibres, loaded with Magfluo-4 and adhered to Laminin, to study muscle fatigue and demonstrated
fibre-type-dependent, fatigue-induced kinetic changes in both Ca2+ release and reuptake.
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Introduction

Excitation–contraction coupling (ECC) refers to the entire
sequence of events that, starting with an action potential,
leads to muscle contraction (Sandow, 1952; Caputo,
1983). One of the key elements of this phenomenon is
the Ca2+ ion (Berchtold et al. 2000). Many factors and
conditions affect ECC, including different drugs, ions,
development, ageing and fatigue (Caputo, 1983; Payne
& Delbono, 2004; Capote et al. 2005; Allen et al. 2008;
Calderón-Vélez & Figueroa-Gordon, 2009). Fatigue can be
defined as the transient and progressive decrease in muscle
performance during continuous stimulation, and is a
complex process with central and peripheral components.
In several preparations, fatigue has been shown to be
mainly peripheral (Grabowski et al. 1972; Bigland-Ritchie
et al. 1979; Bigland-Ritchie & Woods, 1984; Vøllestad
et al. 1988; Moussavi et al. 1989; Kent-Braun, 1999),
explained in part by alterations in the Ca2+ release
mechanism (Grabowski et al. 1972; Allen et al. 1989;
Westerblad & Allen, 1991). In the same way, alterations of
the sarcoendoplasmic reticulum Ca2+-ATPase (SERCA)
function and slowing of single-twitch and tetanic
relaxation have been demonstrated as a result of fatigue
(Fletcher, 1902; Gollnick et al. 1991; Westerblad &
Lännergren, 1991; Tupling, 2004).

Metabolic factors, such as changes in Ca2+ itself,
adenosine triphosphate (ATP), phosphocreatine (PCr),
H+, Mg2+, phosphate (Pi) and reactive oxygen species
(ROS) concentrations observed during fatigue may be
involved in altering the ability of the sarcoplasmic
reticulum (SR) to release and reuptake Ca2+ (Stephenson
et al. 1998; Lamb, 2002; Tupling, 2004; Allen et al.
2008; Calderón-Vélez & Figueroa-Gordon, 2009). Other
phenomena, such as a decrease in the intra-SR Ca2+

content, the inactivation of the Ca2+ release mechanism
and muscle damage may also be involved (Caputo,
1983; Takehura et al. 2001; Tupling, 2004). However,
the mechanisms involved in the development of muscle
fatigue may not be the same for all fibre types. It has been
shown that fibre types show differences in the kinetics
of Ca2+ transients (Carroll et al. 1997; Calderón et al.
2009), being in general type I, the slowest, types IIX and
IIB, the fastest, and type IIA, intermediate, all regarding
Ca2+ release and reuptake (Calderón et al. 2010). There
is biochemical and structural support for these findings
(Reggiani & te Kronnie, 2006; Calderón et al. 2009, 2010).
The different muscles and fibre types also show different
fatigue resistance (Burke et al. 1971; Burke et al. 1973;
Petrofsky & Lind, 1979; Stephenson et al. 1998; Bruton
et al. 2003), which could be explained by the susceptibility
or resistance to the fatigue of the different steps involved
in ECC (Stephenson et al. 1998) and also by the intrinsic
(qualitative and quantitative) differences in the ECC found
in the fibre types (Carroll et al. 1997; Bottinelli & Reggiani,

2000; Reggiani & te Kronnie, 2006; Calderón et al. 2009,
2010). The amplitude of the whole tetanic Ca2+ transient,
measured with slow dyes, changes differentially in fatigued
slow and fast fibre types (Westerblad & Allen, 1991; Bruton
et al. 2003); furthermore, parvalbumin (PV)-deficient
fast muscles are more fatigue resistant than normal fast
muscles (Chen et al. 2001), which links the machinery
involved in the kinetics of Ca2+ transients with the fatigue
resistance.

Unfortunately, with the slow, high-affinity Ca2+ dyes
that have been used to demonstrate the reduction of
the tetanic Ca2+ transient amplitude during fatigue, it
is difficult to reliably demonstrate kinetic changes of
the transients. A new generation of Ca2+ dyes has been
available during the last decade and some of them can
faithfully track the kinetics of Ca2+ signalling during
muscle contraction (Katerinopoulos & Foukaraki, 2002;
Hollingworth et al. 2009; Calderón et al. 2010). One of
these dyes, Magfluo-4, has provided reliable measurement
of kinetic parameters related to Ca2+ release and reuptake
processes and has proven to be useful in recognizing Ca2+

transient differences among fibre types (Caputo et al. 2004;
Hollingworth et al. 2009; Calderón et al. 2009, 2010).
Actually, using Magfluo-4, it has been recently shown
that fibre types I and IIA share the same Ca2+ transient
morphology, type I (MT-I), while fibre types IIX/D and
IIB share the morphology type II (MT-II). Ca2+ trans-
ient morphology itself is a useful tool for functionally
identifying fibre types (Calderón et al. 2009, Calderón
et al. 2010).

In this work, we hypothesize that before the final result
of reduced tetanic Ca2+ transients is established, some
alterations in the kinetics of: (i) Ca2+ release, such as
a reduction of the amplitude, an increase in rise time
and a decrease in the rate of rise of the first peak of the
tetanic Ca2+ transients, and (ii) Ca2+ reuptake, such as
a decrease in the rate of tetanic decay, may occur in a
fibre-type-dependent fashion. These changes would be
larger in MT-II compared to MT-I fibres, in agreement
with the general profile of fatigability of the fibre types.
Moreover, Ca2+ release from the SR is subject to an
inactivation mechanism (Schneider & Simon, 1988), itself
dependent on the myoplasmic Ca2+ levels (Jong et al.
1993). Since basal Ca2+ levels are differentially altered
during fatigue in fast and slow fibres (Westerblad & Allen,
1991; Bruton et al. 2003), we tested the possibility that the
phenomenon of inactivation of Ca2+ release may explain
eventual fatigue-induced alterations in the kinetics of Ca2+

release if the fast fibres present a different recovery from
inactivation after fatigue compared to resting conditions.

We used enzymatically dissociated murine fibres loaded
with either the fast Ca2+ dye Magfluo-4 AM or Fluo-3 AM,
and adhered to Laminin, to measure the changes in
kinetics of the tetanic Ca2+ transients induced by repetitive
stimulation. This preparation allowed us to record more
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than 100 tetanic responses in a fixed part of the fibre and
provided reliable information on the kinetic alterations in
Ca2+ release and reuptake induced by fatigue.

Methods

Ethical approval

All manipulations and procedures carried out in mice
during the development of this work were approved
by the local Bioethics Committee on Animal Research
(COBIANIM) at the Venezuelan Institute for Scientific
Research (IVIC).

Dyes

Fluo-3 AM and Magfluo-4 AM were from Molecular
Probes (Eugene, OR, USA). Stocks of all compounds
were prepared in dimethyl sulfoxide (Sigma; MO, USA)
and aliquots were frozen. Aliquots were thawed and
dissolved in Tyrode solution (in mM: 5.4 KCl, 1 MgCl2, 140
NaCl, 0.33 NaH2PO4, 10 glucose, 10 N-(2-hydroxyethyl)
piperazine-N ′-2-ethanesulfonic acid (Hepes, Sigma), 2
CaCl2, pH 7.3) to the final concentration just before
starting the experiments.

Fibres preparation

The enzymatic dissociation method is a modification
of previously published ones (Bekoff & Betz, 1977;
Capote et al. 2005; Calderón et al. 2010). Briefly, 42-
to 49-day-old male mice (NMRI-IVIC, Navy Medicine
Research Institute-Venezuelan Institute for Scientific
Research) were killed by rapid cervical dislocation. Flexor
digitorum brevis (FDB) and soleus muscles were dissected
out and incubated in a modified Ringer solution (in mM:
2.7 KCl, 1.2 KH2PO4, 0.5 MgCl2, 138 NaCl, 0.1 Na2HPO4,
1 CaCl2, pH 7.4) containing 3 or 2.5 mg ml−1 collagenase
(Worthington CLS2; 250 units mg−1), respectively, for
52–64 min at 36.6◦C. Soleus was divided longitudinally
before collagenase incubation. After collagenase treatment
the muscles were washed twice with Tyrode solution at
room temperature and gently separated from tendons
and remaining tissue with a set of fire-polished Pasteur
pipettes. In the present work, about 80–85% of the
fibres responded to electrical stimulation immediately
after dissociation, and contracted briskly even after 36 h
in Tyrode solution.

Fluorescence recordings and stimulation protocols

Dissociated fibres were transferred to the experimental
chamber and incubated for 40–45 min at room
temperature in a Tyrode solution containing 10 μM

Fluo-3 AM or 8–10 μM Magfluo-4 AM. This procedure
allowed loading the fibres while they were adhering to
the chamber bottom consisting of a glass coverslide,
previously coated with 2–4 μl of Laminin (1 mg ml−1

(Sigma). We have shown that this method is effective
in reducing movement artifacts in the Ca2+ records
(Calderón et al. 2009). Although a large number of
fibres detached after the first 10–20 tetani, we succeeded
in recording complete protocols of fatigue (of up
to 120 tetani) and recovery in 25 fibres (2 fibres
loaded with Fluo-3 AM and 23 fibres loaded with
Magfluo-4 AM), without any detachment or movement
artifact. Twenty-nine more fibres were evaluated for
inactivation of Ca2+ release or used in different types of
control experiments.

The chamber was mounted on the stage of an inverted
Nikon Diaphot TMD (Nikon Co., Tokyo, Japan) micro-
scope equipped for epifluorescence and the fibres were
illuminated with a xenon lamp (100 W). Precautions
were taken to diminish photodamage and photobleaching
of the dye. The characteristic wavelengths (in nm) of
the filter combination (excitation/dichroic/barrier) were
450–490/510/520. The light signals were collected with
a photomultiplier connected to a Nikon P1 amplifier
and the output was fed into a TL1 DMA interface
(Axon Instruments, Foster City, CA, USA). The data were
acquired and analysed using the pCLAMP 6 software
(Axon Instruments). Acquisition frequency for tetanic
Ca2+ transients was 10 kHz.

Intracellular Ca2+ transients were elicited by applying
supra-threshold rectangular current pulses (0.6–1.4 ms)
through two platinum plate electrodes placed on either
side along the groove containing the fibre. Tetanic
stimulation lasted 350 ms, at 100 Hz. To induce fatigue
in Magfluo-4 AM-loaded fibres, tetanic stimulation was
applied every 4 s until either the amplitude of the first peak
of the transient diminished by 25% or a total amount of
120 tetani was reached. Recovery of the Ca2+ transients
was assessed at minutes 1, 3, 5, 7, 10 and 15 after finishing
the fatiguing protocol. Recovery from inactivation of Ca2+

release was studied by a double-stimuli protocol (Jong
et al. 1993; Caputo et al. 2004) that was applied before the
first tetanus and 4 s after the last tetanus of the fatiguing
protocol. The amplitudes of both transients (F1 and F2)
were calculated and the ratio F2/F1 was plotted for each
of the 10 episodes. The points were fitted with a function
of the form y = y0+A1 ∗ [1 – exp(−x/τ1)].

For tetanic Ca2+ transients recorded with Magfluo-4, we
analysed the amplitude (�F/F), the rise time from 10 to
90% of the amplitude (ms), the amplitude/rise time ratio
(�F/RT) and the maximum rate of rise (�F/F , ms−1), as
calculated from the first time derivative, of the first peak.
The decay phase of the whole MT-I tetanic transients was
fitted by a single exponential function, while the decay of
the MT-II transients was fitted by a biexponential function
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(Calderón et al. 2009). Only the changes in the values of
τ1 were analysed. We also analysed the half-width of the
first peak, the decay phase of the whole record and the
changes in basal fluorescence measured during the 80 ms
before the start of the tetanic transient. The first peak of
the tetanus reflects the physiological phenomenon of Ca2+

release after the first stimulus. Our approach is somewhat
different from the one found in the literature in which the
mean value from the last part of a tetanic transient has
been reported, since the previously used slow dyes did not
resolve every peak of the tetani. We believe that in order to
give an idea of the alterations of the Ca2+ release induced
by fatigue, it is more useful to report the kinetics of the
first peak of the record rather than the last part, which can
be ‘contaminated’ with phenomena happening during the
tetanic stimuli itself.

Due to uncertainties regarding the concentration
and the dissociation constant (K d) of the dye in
the fibres, we present the Ca2+ transients as �F/F =
((Fmax – Frest)/Frest). The low affinity of Magfluo-4 for
Ca2+ (K d = 22 μM according to the manufacturer or
81 μM in the presence of 1 mM Mg2+ according to
Hollingworth et al. 2009), and the fact that the peak Ca2+

concentration reached in mammalian muscles during a
twitch has been reported to be around 20 μM, suggests
that the dye is far from saturation under our experimental
conditions (Caputo et al. 2004). Since Magfluo-4 is a
fluorescent dye sensitive to both Ca2+ and Mg2+ ions, it is
necessary to consider the possibility of artifacts arising
from changes in the myoplasmic Mg2+ concentration
due to its displacement from PV by Ca2+ ions. Available
literature suggests that during a single twitch, one would
expect the dye to reliably respond to changes in myo-
plasmic Ca2+ concentration with little contribution from
changes in Mg2+ myoplasmic concentration (Konishi et al.
1991; Hollingworth et al. 2009; Calderón et al. 2010).
Konishi et al (1991), using Magfura-2, a dye sensitive
to both Ca2+ and Mg2+, found that during a twitch,
interference by Mg2+ occurred very late (100 ms) after
stimulation, opening the possibility that this ion might
have an important effect for the case of tetanic trans-
ients, due to their prolonged decay phase. However, this
possibility is dispproved by the fact that tetanic transients
reported by different dyes insensitive to Mg2+ also show
long decay phases (Baylor & Hollingworth, 1988; Caputo
et al. 1994).

All experiments were done at room temperature
(21–23◦C).

Functional identification of fibre types

For identifying fibre types we used the morphology of both
single and tetanic Ca2+ transients as previously proposed
(Calderón et al. 2009, 2010). Briefly, the Ca2+ trans-

ients of fibre types I and IIA have the MT-I, and the
fibre types IIX/D and IIB share the MT-II when recorded
with Magfluo-4. Single transients classified as MT-I are
wider and slower than those of MT-II. In both cases
the time course of transient decay can be described by
a double exponential function. Tetanic transients MT-I
have a staircase shape and a decay phase that can be fitted
by a single exponential function with a time constant of
decay τ1, while those classified as MT-II have a first peak
larger than the others which form a plateau and a double
exponential decay phase with time constants τ1 and τ2. The
specificity of this model was evaluated using anti-myosin
antibodies and SDS-PAGE of isolated fibres in which Ca2+

transients were previously measured. Since we used FDB
and soleus fibres from NMRI-IVIC mice (see Calderón
et al. 2009), MT-I fibres include both fibre types I and
IIA, which are known to be fatigue resistant (Burke et al.
1973), and MT-II fibres are exclusively fibres type IIX/D,
which are more fatigue sensitive.

Statistics

For comparing mean values, Student’s t test for paired
or two independent populations or analysis of variance
(ANOVA) were used when appropriate (using Origin
7.5 software, Microcal Software Inc., Northampton, MA,
USA). Results are given as mean ± SEM. Differences were
considered statistically significant at P < 0.05.

Results

In the experiment shown in Supplemental Fig. S1 we used
a manually dissected, small bundle of FDB fibres loaded
with the fast Ca2+ dye Magfluo-4 AM to simultaneously
record tension (black trace) and Ca2+ (grey trace). The
decay phase of the transient has a hump not seen in fibres
isolated by enzymatic dissociation and either adhered to
Laminin or exposed to N-benzyl-p-toluene sulphonamide
(BTS) (Calderón et al. 2009). Therefore, this hump can be
considered a movement artifact.

To avoid this problem and to evaluate the kinetics
of the tetanic Ca2+ transients in fibres under repetitive
stimulation, using a non-ratiometric, low-affinity Ca2+

indicator such as Magfluo-4, we preferred the use of
enzymatically dissociated fibres. However, we first checked
whether such fibres, subjected to repetitive stimulation,
could reproduce the two main observations regarding
Ca2+ and fatigue, namely, the decrease in the tetanic Ca2+

amplitude and the increase in the basal level of free Ca2+

(Westerblad & Allen, 1991).
Figure 1A shows the effects of repetitive tetanic

stimulation on a FDB fibre loaded with the Ca2+ indicator
Fluo-3 AM. Figure 1B illustrates some of the kinetic
changes induced by the repetitive stimulation. The graph
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shows the first peak of Ca2+ release of each tetanic
record during the fatiguing protocol and the recovery
period, as well as its first derivative in the inset. The
figure demonstrates the progressive reduction of the
maximum rate of rise during repetitive stimulation, and
the partial recovery during the first 20 min of rest after
the end of the fatiguing stimulation. The amplitude of the
fluorescence transients was reduced from 5.81 to 1.9 �F/F
(Fig. 1C, upper panel), in part mediated by the increase
in basal fluorescence level, which changed from 5.3 to
9.74 arbitrary units (AU), as it is shown in Fig. 1C, middle
panel. After recovery, amplitude reached 4.52 �F/F and
basal fluorescence decreased to 5.4. In two FDB fibres, a
mean of 45 tetani reduced the amplitude of the signal to
25.2% and increased the basal fluorescence by 108.7%.
After a resting period of 20 min the amplitude recovered
to 76.9% of the initial value, while basal fluorescence
recovered by 93.3% of the initial values (Fig. 1C). The
bottom trace in Fig. 1C shows the decrease of the �F/RT
ratio of the first peak, indicative of the mean rate of
rise of the first peak of the record, as fatigue develops
and its later recovery during the resting time. After the
fatiguing protocol, the amplitude of the first peak and

the relationship �F/RT were reduced in the two fibres
to 18.5% and 18%, respectively. Both variables recovered
to 82.2% of the initial values. A control experiment, not
shown, was carried out in one of the fibres loaded with
Fluo-3 AM, in which the stimulation was turned off from
episodes 2 to 39, and the fluorescence was recorded from
the episodes 1, 10th, 20th, 30th and 40th. In this case no
changes were observed in either the basal fluorescence or
the amplitude of the tetanic Ca2+ transient.

A further control was carried out in which an isolated
fibre was adhered to Laminin, loaded during 60 min with
the intramitochondrial Ca2+ indicator Rhod-2 AM, at
7 μM, and stimulated with 75 tetani. The fibre was imaged
with a confocal microscope (Supplemental Fig. S2). The
result showed that the fibre was not displaced or damaged
during the stimulation protocol. Experiments were also
carried out loading the fibre with both Rhod-2 AM
and Mitotracker Green-FM to verify that the increase in
fluorescence occurs inside the mitochondria.

Two types of controls were also run using fibres loaded
with Magfluo-4 AM. In the first one we used a protocol of
tetanic stimulation of 350 ms at 100 Hz every 20 s between
2 and 4 min for 13 MT-II and 1 MT-I. This period is
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Figure 1. Fatigue-induced changes in tetanic Ca2+ transients recorded in an enzymatically dissociated
FDB fibre loaded with Fluo-3 AM
In A the 1st, 20th and 50th tetanic records during the fatiguing protocol and two tetani during the recovery period
are shown. In B the rising phase of the first peak of each tetanic transient labelled in A is shown at a faster time
scale. The inset illustrates the time derivative of these records. Note the progressive decrease in the maximum rate
of rise. In C, the decrease in the amplitude of the tetanic transient, the increase in the basal fluorescence level and
the change in the amplitude of the first peak/rise time ratio are shown, for the episodes illustrated in A. Note the
fatigue-induced kinetic alterations. All changes partially recovered within 20 min.
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equivalent to between 30 and 60 tetani of the fatiguing
protocol. There were no differences in the time constants
of decay of the whole tetani, in the half-width of the first
peak or in the basal fluorescence, between the first and
the last episode (not shown). There was a reduction of 6%
in the amplitude of the first peak comparing the first and
the last tetani (not shown). In a second set of controls,
three fibres were stimulated every 20 s for 2 min, then
allowed to rest for 5–6 min and then stimulated again
every 20 s for 2 min. The results were similar to those
reported for the first group of controls (not shown). This
ruled out the possibility of any kinetic changes induced
by a non-fatiguing protocol or simply by the movement
induced by the tetanic stimulation.

These results confirm that this model reproduces the
reversible alterations described in Ca2+ kinetics during
fatigue, using other preparations (Westerblad & Allen,
1991; Bruton et al. 2003).

Fatigue and tetanic Ca2+ transients measured with a
fast Ca2+ dye

After running the above control experiments, we evaluated
the effect of repetitive stimulation on the kinetics of the
tetanic Ca2+ transients recorded with Magfluo-4. To reach
a 25% decrease in the amplitude of the first peak of the
tetanic Ca2+ transients, 96 ± 13 and 52.8 ± 5 (P < 0.01)
tetani were applied to MT-I and MT-II fibres, respectively.

Maximal recovery was attained after a mean of 15.4
and 7.5 min of rest for MT-I and MT-II fibres (P = 0.06
between groups), respectively, and all variables followed
approximately the same time course within a group of
fibres.

Changes in the first peak of tetanic Ca2+ transients.
Figure 2 shows the changes induced by the fatiguing
stimulation on the amplitude and maximum rate of rise of
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Figure 2. Fatigue-induced kinetic alterations in the first peak of the tetanic Ca2+ transients in a MT-I (A)
and a MT-II (B) fibre loaded with Magfluo-4 AM
In Aa the episodes (epi) number 1, 60 and 120 and recovery (recov) are shown. The decrease in the amplitude
of the first peak of the tetanic Ca2+ transients obtained in a MT-I fibre (A) started after 80 tetani and amounted
to 13% after 120 tetani, as shown in Ab, on the left. This change was accompanied by a 18% decrease in the
maximum rate of rise as shown by the first derivative of the respective records, as shown in Ab, on the right. In
Ba, the Ca2+ transients number 1, 50 and the recovery in a MT-II fibre are shown. In this fibre the decrease in the
amplitude of the first peak of the tetanic transients was of 28% after 50 tetani (Bb, left) and the maximum rate
of rise diminished by 38%, as shown by the first derivative of the respective records (Bb, right). All changes fully
recovered after 13 and 3 min for the MT-I and the MT-II fibres, respectively.
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the first peak of the tetanic Ca2+ transients in a MT-I (A)
and a MT-II (B) fibre. In Fig. 2Aa, the episodes numbered
1, 60 and 120, as well as the recovery, are illustrated. In
this fibre the amplitude of the first peak started to diminish
after 80 tetanic stimuli (Ab, left) and diminished by 13%
after 120 stimuli, with a reduction of 18% in the maximum
rate of rise (Ab, right). For the MT-II fibre, the episodes 1
and 50, as well as the recovery (Ba), are shown. This fibre
showed a reduction of 28% in the peak amplitude (Bb,
left), as well as a decrease of 38% in the maximum rate of
rise (Bb, right) after only 50 tetanic stimuli.

Figure 3 summarizes the stimulation-induced changes
in the kinetics of the first peak of the tetanic Ca2+ trans-
ients, in MT-I and MT-II fibres. Figure 3A–C shows the
fatigue-induced changes in the amplitude, rise time and
�F/RT ratio of the first peak, in MT-I and MT-II fibres,
in the first, 40th and last episode, as well as after recovery.
The results show a faster reduction of the amplitude of

the first peak of the tetanic records in the MT-II fibres
compared to the MT-I fibres (A) and no change in the rise
time for MT-I fibres while there was a significant increase
for MT-II fibres (B). This means that the MT-II fibres are
taking more time to reach an even lower amplitude, as is
illustrated by the changes in the �F/RT ratio (C), in which
after 40 tetani, the MT-I fibres show no change while the
MT-II fibres show a significant reduction (P < 0.01). After
a mean of 96 and 52 tetani, the reduction amounted to
26% and 31% for MT-I and MT-II fibres, respectively.
Figure 3D shows the changes in the maximum rate of
rise of the first peak (�F/F . ms−1), obtained from its first
derivative. The reduction of this parameter after 40 tetani
in both MT-I and MT-II fibres was statistically different
from their respective controls, and was similar between
groups of fibres (24% and 29%, respectively). After the last
episode, the reduction amounted to 27 and 33%, showing
no statistical difference between groups. The figure also
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Figure 3. Fatigue-induced kinetic alterations in the first peak of the tetanic Ca2+ transients in MT-I and
MT-II fibres loaded with Magfluo-4 AM
A, the decrease in the amplitude of the first peak of tetanic Ca2+ transients after 40 stimuli, compared to the
first tetanus, was statistically significant only in MT-II fibres (19%). Both MT-I and MT-II fibres showed a significant
reduction of the amplitude at the end of the protocol (last episode). The protocol finished after 96 and 52.8 tetani
for MT-I and MT-II fibres (P < 0.01), respectively, which were the number of tetani needed to reach an amplitude
decrease of about 25%. The recovery was over 88% for both fibre types. The change in A was accompanied by a
significant increase of 8.5% in the rise time of MT-II fibres (B). The amplitude/rise time ratio showed a significant
reduction of 25.5% after 40 tetani only for fibres MT-II (C), a significant decrease for both fibre types at the end of
the protocol and a statistically significant recovery (over 92% for both fibre types). D, the decrease in the maximum
rate of rise, as calculated from the first derivative of the first peak of every tetanic Ca2+ transient, after 40 stimuli
was statistically significant in both MT-I (24%) and MT-II (28%) fibres. The decay continued from episode 40 to the
last one, and reached 27% and 33% after 96 and 52.8 tetani for MT-I and MT-II fibres, respectively. The recovery
was over 92% for both fibre types. All values were normalized to the first tetanus. ∗P < 0.05 compared to control,
paired t test; ∗∗P < 0.05 between MT-I and MT-II, unpaired t test; †P < 0.01 compared to control, paired t test.
MT-I, n = 5 for all graphs; MT-II, n = 18 for all graphs, except the white bar in D, which includes 15 fibres.
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shows that the alterations were reversed by more than
92% compared to the pre-fatiguing conditions, with the
recovered values statistically different from those of the
last episodes. Three MT-II fibres were not included in
the calculations of recovery in Fig. 3D since they were
evaluated for inactivation of the Ca2+ release mechanism
immediately after the fatiguing protocol (see below).

Changes in the decay phase of the tetanic Ca2+ transients.
Figure 4 shows the changes induced by the repetitive
stimulation on the decay phase of the tetanic records.
Values of the τ1 of the decay of the first tetanic records
ranged from 10.2 to 71.4 ms among all fibres and between
10.2 and 37.4 ms among MT-II fibres. Figure 4A shows
the effects of repetitive stimulation on the normalized
decay phase of the 1st, 20th, 40th and 50th records
of a MT-II fibre and its recovery. In this fibre the
stimulation induced an increase of τ1 from 23.4 to
27.3 ms (16.7%); full recovery was seen after 3 min. When
analysing the changes in MT-II fibres, two subpopulations
of fibres could be distinguished. One subgroup showed
very rapid, noticeable changes (fast-fatigable MT-II,
fMT-II) and the other group showed less severe changes
that were established later (fatigue-resistant, rMT-II).
Both groups differed regarding the amount of tetani
applied (40.8 ± 2.3 and 76.7 ± 8.0 for fMT-II and rMT-II,
respectively, P < 0.01) and the τ1 of the decay phase
(15.2 ± 1.2 and 27.1 ± 3.7 ms for fMT-II and rMT-II,
respectively, P < 0.01); these variables showed a significant
correlation and allowed rMT-II and fMT-II fibres to

be distinguished from each other (r = 0.74; P < 0.01,
Supplemental Fig. S3), although some overlap exists
between subgroups.

Figure 4B summarizes the changes seen in all
populations of fibres. For fMT-II fibres (filled squares)
a significant increase was observed after 10 episodes and a
maximum increase of 39% occurred after 50 episodes,
while for rMT-II fibres (filled circles) a statistically
significant increase of only 13.6% was seen after 20 tetani
and a maximum of 17.8% was found after 50 tetani. When
a two-way ANOVA was performed for the first 50 tetani,
significant differences were found between the two sub-
groups of fibres. The mean τ1 of the MT-I fibres under
control conditions was 63.5 ± 2.9 ms, and no change was
observed during the protocol (open circles).

Figure 5 illustrates the effect of repetitive stimulation
on the half-width of the first peak of the tetanic Ca2+

transients in MT-II fibres. Notice that when discussing
this figure we refer to the half-width and decay phase of
the first peak of the transient, and not to half-width or
the decay phase of the whole tetani (which was described
in Fig. 4). To focus on the decay phase (arrow) of the
first tetanic peak, we normalized each episode and aligned
them with regard to the time of the peak amplitude of the
first episode. In this fibre (Fig. 5A), appreciable changes
occurred only after 10 episodes of tetanic stimulation, and
the half-width increased from 3.8 to 4.8 ms (26.3%) from
the 1st to the 50th episode, and was fully reversed after
3 min of recovery. In fMT-II fibres (Fig. 5B, filled squares)
the half-width values significantly increased (32.7%) after
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Figure 4. Effect of repetitive stimulation on the first
time constant of decay (τ1) of the whole tetanic
transients in MT-I and MT-II fibres loaded with
Magfluo-4 AM
This figure shows only the decay phase of the tetanic
records, corresponding to that of their last individual
transient. The alteration of the decay phase in a MT-II fibre
is illustrated in A. The maximum increase in the time
constant of decay occurs after 50 tetani and after recovery
the dotted trace superimposes on the first one. No such
changes were seen in MT-I fibres. All traces were
normalized. B summarizes the change of the τ1 of decay of
fibres MT-I (open circles, n = 5), fMT-II (filled squares,
n = 9) and rMT-II (filled circles, n = 6). The values were
normalized to the first tetanus. ∗Significant differences
with the first point demonstrated by a Tukey post hoc test,
after a one-way ANOVA. The MT-II curves were different
between them when compared with a two-way ANOVA.
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40 tetani. The alterations were fully reversed, as seen in
the right-most part of the graph in Fig. 5B. rMT-II fibres
(filled circles) showed small, non-significant changes in
the mean half-width values. In this figure, four fibres were
not included since they have either control or fatigue values
that did not allow us to measure a half-width value. The
half-width value of the MT-I fibres could not be measured
because the decay was so slow that it did not reach half
of decay before arrival of the next stimuli. In these fibres,
instead, we fitted the decay of the first peak of the tetani
with a single exponential function and compared the τ1

before and after fatigue without seeing any change.

Ca2+ release inactivation

To test whether differences in the susceptibility to
fatigue between MT-I and MT-II fibres could be related
to differences in the inactivation of the Ca2+ release
mechanism, we evaluated the recovery from Ca2+ release
inactivation in nine soleus fibres and compared the results
with those previously obtained by Caputo et al. (2004)
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Figure 5. Effect of repetitive tetanic stimulation on the
half-width of the first tetanic peak in MT-II fibres loaded with
Magfluo-4 AM
In A the increase in the time to half-relaxation is shown (arrow) for
the selected episodes (epi). Note that the recovery (recov) trace
superimposes on the first trace. All traces were normalized. B is a
summary of the half-width values of the first peak in fMT-II (filled
squares, n = 9) and rMT-II fibres (filled circles, n = 6). ∗Significant
differences with the first point demonstrated by a Tukey post hoc
test, after a one-way ANOVA. Differences between the two curves
were also found by a two-way ANOVA.

in FDB fibres (Fig. 6) and also compared the kinetics of
recovery from inactivation of resting and fatigued fibres
(Fig. 7).

The graph in Fig. 6A illustrates the procedure to obtain
the curve of recovery from inactivation of Ca2+ release in
a resting soleus fibre (see Methods and figure legend). In
Fig. 6B we replotted the results obtained in 26 FDB fibres
by Caputo et al. (2004), using the reported values: y0 = 0.4;
A1 = 0.579 y τ1 = 30.4 (grey line) and compared them
with the fit obtained for the nine soleus fibres evaluated
in this work, whose values were: y0 = 0.44; A1 = 0.55 y;
τ1 = 34.8 (black line). The great overlap of the curves show
that resting MT-I and MT-II fibres have a similar recovery
from inactivation of Ca2+ release.
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Figure 6. Recovery from inactivation of Ca2+ release in soleus
and FDB fibres
The procedure to study the phenomenon and to construct the curve
is shown in A. Aa shows the transients obtained in a soleus fibre
which underwent a double-stimulus protocol with 10 ms between
them (record labelled 1), a time which is increased by 20 ms for each
episode, as seen in the transients labelled 2 to 8. There are 20 s of
rest between each episode. Ab, the ratio F2/F1 calculated as shown
in Aa. The numbers above the points indicate the record where
F2/F1 ratio is plotted. The points were fitted with a function of the
form y = y0+A1 ∗ [1 – exp(−x/τ1)]. B shows a summary of the
inactivation curves of 9 soleus fibres (black trace) to compare with
the curve constructed (grey trace) with the values previously reported
for 26 FDB fibres by Caputo et al. (2004). Note that the curves
almost superimpose.
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Since MT-II fibres showed greater alterations of the first
peak of the tetanic Ca2+ transients after the protocol of
repetitive stimulation than MT-I fibres, we next evaluated
if these fibres showed alterations of the recovery of
the inactivation of Ca2+ release. The graph in Fig. 7A
compares the curve obtained immediately after the
fatiguing protocol in three FDB fibres MT-II (black line)
with the curve previously obtained in resting FDB fibres
(grey line) according to Caputo et al. (2004). Figure 7B
compares the curve obtained after a fatiguing protocol in
a soleus fibre MT-I (black line) with the curve previously
obtained in the same fibre under resting conditions (grey
line). No differences were found in either type of fibre in
the recovery from inactivation of Ca2+ release after the
protocol of repetitive stimulation.

Discussion

We aimed to test whether we could detect any fibre
type-related difference in fatigue-induced kinetic changes
of tetanic Ca2+ transients in enzymatically dissociated
fibres loaded with the fast Ca2+ dye Magfluo-4, and if so,
whether the phenomenon of inactivation of Ca2+ release
might be involved.

Enzymatically dissociated fibres as a suitable model
for the study of muscle fatigue

The morphological evaluation (Bekoff & Betz, 1977; Wang
et al. 2007), and measurements of the levels of resting basal
Ca2+ (Williams et al. 1990), electrical properties of the
sarcolemma (Bekoff & Betz, 1977; Szentesi et al. 1997),
charge movement (Szentesi et al. 1997), amplitude of the

action potentials (Woods et al. 2004) and release of Ca2+

from the SR (Szentesi et al. 1997) have shown that the
procedure of enzymatic dissociation yields functionally
intact fibres suitable for physiological studies.

Our experiments using enzymatically dissociated
fibres adhered to Laminin and loaded with Fluo-3 AM
reproduced the two main changes described for the Ca2+

transients (Fig. 1) in fatigued fibres, namely a decrease in
the amplitude of the tetanic Ca2+ transient and an increase
in cytoplasmic basal Ca2+ (Westerblad & Allen, 1991).
Besides that, in dissociated FDB fibres loaded with Rhod-2
under repetitive stimulation, we saw the increase in
intramitochondrial Ca2+ previously reported in manually
dissected, fatigued fibres (Supplemental Fig. S2 in this
work; Bruton et al. 2003). This figure also demonstrates
that the fibres remain very well attached to the Laminin
layer at the bottom of the chamber. Laminin overcome
the limitations of BTS, which was not used since: (i) it
does not work for fibres of type I or hybrid fibres I/IIA
(Cheung et al. 2002; Calderón et al. 2010), and (ii) it has
been shown to modify the time course of the development
of fatigue-induced changes in Ca2+ transients in mouse
fibres (Bruton et al. 2006).

Fluo-3 has been used to study tetanic Ca2+ transients
with no detectable effect on the mechanical response of
the fibre (Caputo et al. 1994). Moreover, the signals show
no Mg2+ interference, allow us to detect every individual
peak of Ca2+ release in a tetani, and measure the changes
in the basal level of fluorescence. Thus, it gives more
information than dyes such as Fura-2 or Indo-1, whose
smaller value of K off limits its ability to track rapid changes
in Ca2+ concentration during sustained activity (Baylor &
Hollingworth, 1988). Fluo-3, however, it is still not as
fast as Magfluo-4 and not suitable to study differences
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Figure 7. Recovery from inactivation of Ca2+ release in FDB (A) and soleus (B) fibres under control
conditions and after a protocol of repetitive stimulation
The procedure to construct the graphs is as in Fig. 6. In A the curve constructed with the values previously reported
for 26 FDB fibres by Caputo et al. (2004), and used as control (grey trace), is compared to the curve obtained for 3
FDB fibres in which recovery from inactivation was evaluated immediately after a fatiguing protocol (black trace).
In B, the curves of a soleus fibre are compared before (grey trace) and after (black trace) a fatiguing protocol. It
is demonstrated that fatigue does not induce alterations in the recovery from inactivation in either FDB or soleus
fibres.
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between fibre types. Magfluo-4 seems to be one of the best
available dyes to reliably track Ca2+ movements in skeletal
muscle fibres (Caputo et al. 2004; Hollingworth et al. 2009;
Calderón et al. 2010). Enzymatically dissociated FDB and
soleus fibres give us access to the fibre types I, IIA and
IIX/D and we have previously shown that, when loaded
with Magfluo-4 AM, fibre types I and IIA have tetanic Ca2+

transients with a MT-I, while fibres of type IIX/D have a
tetanic Ca2+ transient MT-II (Calderón et al. 2009, 2010).
Here, we used this methodology to compare the kinetics of
tetanic Ca2+ transients obtained in the classical groups of
fatigue-resistant (types I and IIA) and fast-fatigable (type
IIX/D) fibres under fatiguing stimulation.

Potential pitfalls when Magfluo-4 is used include the
possibility of Mg2+ interference and movement artifacts.
The first one has been discussed elsewhere (Calderón et al.
2010) and shown not to affect our analysis. Supplemental
Fig. S4 shows no significant mean changes in basal
fluorescence in either MT-I or MT-II fibres. Regarding the
issue of the movement artifacts, three lines of evidence
suggest that they did not affect our experiments: (i)
the use of Laminin strongly reduces movement artifacts
(Calderón et al. 2009), (ii) we have measured, under
confocal microscopy, the movement of the fibres after up
to 75 tetani and found that the fibres (n = 5) displaced less
than 4 μm, and (iii) all the stimulation-induced kinetic
changes reversed during recovery, something unexpected
if they were related to movement artifacts.

All these results indicate that the model of enzymatically
dissociated muscle fibres is adequate to study ECC under
fatiguing stimulation as well as to study physiological
events in a fibre knowing its classification while still alive.
It must be stressed that despite the use of Laminin, because
of the elevated number of tetani applied to induce fatigue,
some fibres moved and movement artifacts appeared; in
these cases the experiments were terminated and the fibres
were not included in the analysis.

Fatigue-induced kinetic changes in tetanic Ca2+

transients

The most important new findings of this work are the
following: (i) the use of enzymatically dissociated mouse
fibres loaded with Magfluo-4 AM and adhered to Laminin
provides a suitable model for the study of muscle fatigue
in functionally identified muscle cells; (ii) a fatiguing
protocol induces a decrease in the amplitude as well as in
the �F/RT ratio of the first peak of the tetanic Ca2+ trans-
ients, which appear earlier in MT-II than in MT-I fibres.
An increase in the rise time was only seen in MT-II fibres
(Fig. 3A–C); (iii) there is a proportional similar reduction
in the maximum rate of rise of the first peak in both fibre
types (Fig. 3D); (iv) there is a rapid decrease in the rate of
the decay phase of the whole tetanic transients in MT-II

but not in MT-I fibres (Fig. 4); (v) there is a rapid increase
in the half-width of the first peak of the Ca2+ transients of
MT-II fibres, which reflects a lengthening of its relaxation
phase (Fig. 5); and (vi) fatigue does not induce alterations
in the recovery from inactivation of Ca2+ release in any
type of fibre (Fig. 7).

These findings were possible due to the properties of
Magfluo-4, which resolves every peak in a tetanus and is the
first dye used for recognizing fibre types for physiological
experiments. Finding (iv) completes the panorama of the
alteration of the decay phase of the whole tetanic transient,
since our results refer to the first part of the decay, better
seen by the use of the fast Ca2+ dye, while previously
published results have focused on the last part of the decay,
the ‘tail’, as better seen with slow Ca2+ dyes (Westerblad &
Allen, 1993).

Metabolic factors have long been implicated in the
development of fatigue (Fitts, 1994; Westerblad et al. 2002;
Allen et al. 2008; Calderón-Vélez & Figueroa-Gordon,
2009).

The main changes in basal Ca2+, Mg2+, lactate and pH
occur during the second half of the fatiguing protocols
in different experimental models, although they depend
on the intensity of the activity (Vøllestad et al. 1988;
Westerblad & Allen, 1991, 1992b; Kent-Braun et al. 1993;
Chin & Allen, 1998; Westerblad et al. 2002). Moreover,
the protocol used in this work has been shown to induce
only minor pH alterations (Westerblad & Allen, 1992a;
Bruton et al. 1998; Chin & Allen, 1998) and it has not been
possible to demonstrate an increase in the generation of
ROS in isolated mouse fibres (Bruton et al. 2008).

Changes in Pi can start early during the fatigue
development, although is more notorious during the
second half of the stimulation periods (Bergström &
Hultman, 1988; Moussavi et al. 1989; Kent-Braun et al.
1993; Kent-Braun, 1999) and several studies have shown
that Pi is important for the early changes in the kinetics
of Ca2+ signals (Dahlstedt et al. 2000, 2001; Westerblad
et al. 2002). Since Pi can regulate both the release of Ca2+

and the function of SERCA (Duke & Steele, 2000; see also
Dahlstedt et al. 2001; Westerblad et al. 2002), an increase
of this by-product could explain our results (ii to v). The
higher energy substrate content and utilization rates by the
fast compared to slow fibres led to a higher concentrations
of Pi in these fibres during fatigue (Kushmerick et al. 1992;
Fitts, 1994; Potma et al. 1995; Bottinelli & Reggiani, 2000;
Dahlstedt et al. 2000; He et al. 2000). Slow fibres appear
to be as sensitive as the fast fibres to Pi increases regarding
some, but not all, physiological variables (Potma et al.
1995; Bottinelli & Reggiani, 2000; He et al. 2000), and the
effect of Pi on slow and fast fibre types depends on the
interrelation with other factors such as pH (Potma et al.
1995). The management of and sensitivity to Pi alterations
by the different fibre types in the model of isolated, intact
muscle cells is an issue which deserves further research.
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Since the first part of the decay of the first peak of the
tetanic transient is probably due to the PV action and
the second part to SERCA function (Caputo et al. 1999,
2005; Calderón et al. 2009; J. C. Calderón, unpublished
results), the change (v) probably reflects the ‘fatigue’ of
these mechanisms. However, we cannot fully explain this
new finding, as no previous works have demonstrated
fatigue-induced alterations of PV.

It is still possible that unknown factors may explain
in part the time course of the Ca2+ kinetics alterations
induced by fatigue and the differences among fibre types,
such as rapid changes in the proteins that regulate Ca2+

release and SERCA function.
All fatigue-induced kinetic alterations reversed to more

than 85% of the original values after rest. Small differences
found among groups: (i) may reflect true differences
among fibre types; (ii) may be related to more or less
dye photobleaching or compartmentalization; (iii) or may
be due to some degree of local damage in those fibres sub-
jected to more prolonged stimulation. We have also seen a
slight decrease of the amplitude of the Ca2+ transients as a
function of the duration of different types of experiments
not related to fatigue. This may reflect some loss of the dye
from the cytoplasm and may explain why some fibres do
not reach full recovery of the amplitude.

As indicated by many different biochemical and physio-
logical parameters (Hintz et al. 1982; Franzini-Armstrong
et al. 1988; Bottinelli & Reggiani, 2000; Calderón et al.
2010), the fatigability of the Ca2+ signals shows great
variability. When analysing the results of the fMT-II,
rMT-II and MT-I fibres, it appears a continuum in which
the fMT-II, the fibres with the fastest Ca2+ kinetics, and
the MT-I, the fibres with the slowest kinetics, are the
extremes of the susceptibility to present kinetic changes
under fatiguing stimulation, while the rMT-II, with inter-
mediate kinetics, behave also intermediate regarding the
fatigability. It is interesting that we can recognize sub-
groups of fast-fatigable and fast-fatigue resistant cells
within MT-II fibres from mouse FDB, which are type
IIX/D (Calderón et al. 2009). Although we did not evaluate
any biochemical property, this variability may reflect the
fact that the this type of fibre spans the spectrum from
the more oxidative, fatigue-resistant IIA fibres to the
more glycolytic, fast-fatigable IIB fibres (Gorza, 1990).
For instance, the succinate dehydrogenase activity in fibre
type IIX/D ranges from intermediate to high in mouse
(Gorza, 1990; Füchtbauer et al. 1991). In agreement with
this, Hintz et al. (1982) found that individual murine
fibres varied enough to create a continuous spectrum of
metabolite levels from one extreme to the other under both
resting and stimulated conditions. Thus, it seems that there
is a relationship between oxidative–glycolytic activity of a
fibre, slow–fast Ca2+ kinetics, resistance–susceptibility to
fatigue and resistance–susceptibility to present alterations

in Ca2+ kinetics under fatiguing stimulation. All these
variables show a continuum in which the extremes are the
fibres of type I and IIB and the intermediates are the fibres
of type IIA and IIX/D and some overlap exists between the
nearest neighbours. At this point, we want to call attention
to the fact that enzymatically dissociated muscles yield
different types of fibres which seem not to behave in an
homogeneous way; this is something important to take
into account when performing physiological experiments,
and seems to be a neglected issue, since many physio-
logical papers never recognize subpopulations, or even
when some heterogeneity in the results appears, the issue
about which type of fibre is being used in the work is not
discussed.

Besides the effect of metabolites, a process of
inactivation of Ca2+ release may play a role in the
alterations of Ca2+ release induced by fatigue (Caputo,
1983). It is interesting to note that the first and second
points of our figures (which are the points taken
immediately after fatigue) of the control and post-fatigue
records superimpose (Fig. 7); i.e. the fact that the protocols
were not different rule out the possibility of artifacts
induced by the time between episodes. The remaining
points are within 3 min of recovery, a time that is
clearly lower than the reported values for total recovery
of the Ca2+ alterations. These results indicate that the
phenomenon of inactivation of Ca2+ release does not play
a role in the alterations in the first peak of the tetanic Ca2+

transients during fatigue development.
The mechanisms to explain the different resistance

to fatigue in different fibre types are not yet known.
Many fatigue-induced changes in tetanic Ca2+ transients
were ignored because of the lack of a model to evaluate
fatigue using fast Ca2+ dyes with special reference to
fibre types. We have broadened the spectrum of physio-
logical alterations developed during fatigue in intact
fibres and ruled out the effect of the mechanism of
Ca2+ release inactivation in explaining these alterations.
Our results will help to better dissect the mechanisms
involved in fatigue of different muscle fibre types since
it is now possible to study subtle changes in several
kinetic parameters of the Ca2+ transients during fatigue
development, before the final result of reduction in the
amplitude is established.

In conclusion, we demonstrated fibre-type dependent,
early fatigue-induced kinetic changes in both Ca2+ release
and reuptake in enzymatically dissociated murine fibres
loaded with the Ca2+ dyes Magfluo-4 AM and Fluo-3 AM
and adhered to Laminin. The amount of these changes is
related to the velocity of the Ca2+ kinetics of the fibres
under unfatigued conditions and ruled out the possibility
that the differences in the kinetic changes of Ca2+ release
between fibres MT-I and MT-II could be related to the
inactivation of the Ca2+ release mechanism.
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