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We present a curve-fitting approach that permits quantitative comparisons of fatigue profiles
obtained with different stimulation protocols in isolated slow-twitch soleus and fast-twitch
extensor digitorum longus (EDL) muscles of mice. Profiles from our usual stimulation protocol
(125 Hz for 500 ms, evoked once every second for 100-300s) could be fitted by single-term
functions (sigmoids or exponentials) but not by a double exponential. A clearly superior fit, as
confirmed by the Akaiki Information Criterion, was achieved using a double-sigmoid function.
Fitting accuracy was exceptional; mean square errors were typically <1% and r* > 0.9995.
The first sigmoid (early fatigue) involved ~10% decline of isometric force to an intermediate
plateau in both muscle types; the second sigmoid (late fatigue) involved a reduction of force
to a final plateau, the decline being 83% of initial force in EDL and 63% of initial force in
soleus. The maximal slope of each sigmoid was seven- to eightfold greater in EDL than in soleus.
The general applicability of the model was tested by fitting profiles with a severe force loss
arising from repeated tetanic stimulation evoked at different frequencies or rest periods, or
with excitation via nerve terminals in soleus. Late fatigue, which was absent at 30 Hz, occurred
earlier and to a greater extent at 125 than 50 Hz. The model captured small changes in rate
of late fatigue for nerve terminal versus sarcolemmal stimulation. We conclude that a double-
sigmoid expression is a useful and accurate model to characterize fatigue in isolated muscle

preparations.
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Lannergren & Westerblad (1991) were the first to describe
carefully the fatigue profile obtained with repeated tetani
in isolated single fast-twitch muscle fibres from mice. They
identified three phases of fatigue: a moderate initial decline
of peak force (phase I), followed by a period of relatively
steady force (phase II), leading to a late decline of force
(phase I1I). However, the appearance of these phases is not
universal and may depend on the fatigue model employed
(Cairns et al. 2005). The phases may be influenced by
the stimulation regime, being less obvious with short rest
periods between tetani (Chin & Allen, 1998; Ward et al.
1998) or with high stimulation frequencies (Bevan et al.
1992; Cairns et al. 2004), and many studies have not used
extended stimulation periods (Lindinger & Heigenhauser,
1988; Lannergren & Westerblad, 1991; Clausen et al. 2004)
so that late changes may have been missed. The phases
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may also depend on the site of excitation, for example
via nerve terminals versus the sarcolemma of muscle fibres
(Cairns et al. 2007). Importantly, the profile may vary with
the muscle fibre-type composition of the motor unit or
muscle studied, since the original description was only
for fast-twitch fibres (Lannergren & Westerblad, 1991).
Indeed, the classical work of Burke et al. (1973) shows
that these phases exist with repeated tetanic stimulation of
fast fatigue-resistant (FR) motor units, but not with fast
fatiguable (FF) or slow (S) motor units.

Many studies have quantified fatigue using a fatigue
index represented by the peak force ata defined stimulation
time (or tetanus number) relative to that of the first
contraction (Burke et al. 1973; Juel, 1986; Mizrahi et al.
1997; Chen et al. 2001). This approach reveals the extent
of fatigue but information about the time course of fatigue
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is necessarily lost. For example, fatigue induced with
repeated tetani has an earlier onset, but the final extent is
the same, at low extracellular chloride (Cairns et al. 2004)
or with various sarcolemmal ion channel blockers (Gong
et al. 2003; Kristensen et al. 2006). Also, in the study of
Burke et al. (1973) the fatigue index at 2 min of stimulation
showed that the force decline was greater in FF than FR
motor units, yet the FF motor units were resistant to the
early fatigue (see their Fig. 1F) seen in FR motor units (see
their Fig. 2F).

In order to extract information about the rate(s) and
extent(s) of fatigue there have been several attempts to
curve-fit the entire fatigue profile from isolated animal
muscles or human muscle in vivo. Such studies have
involved straight-line regression (Merletti et al. 1991;
Clausen et al. 2004), single-exponential models (Merletti
etal. 1991; Rabischong & Chavet, 1997; Nagaraj et al. 2000)
or the equivalentlogarithmic transformations (Williams &
Ward, 1991), single-sigmoid models with a four-parameter
Hill equation (Russ et al. 2002), two exponential functions
with ascending followed by descending exponential curves
(Boom et al. 1993; Mizrahi et al. 1997) and a fourth-
order polynomial (Merletti et al. 1991). These models
have shown variable ability to fit the entire fatigue profile,
and most models are inadequate when multiple phases
are present. Moreover, the use of curve-fitting to provide
quantitative information on the time course or rate(s)
of fatigue in fast-twitch versus slow-twitch muscles is
surprisingly limited (Clausen et al. 2004).

There is a need to quantify carefully the rate and
extent of each phase of fatigue to assist investigation of
mechanisms, since early fatigue is postulated to be due to
impaired maximal cross-bridge function and late fatigue
to reduced Ca’* release from the sarcoplasmic reticulum
(SR; Lannergren & Westerblad, 1991; Chin & Allen, 1998;
Dahlstedt et al. 2000). Moreover, mouse muscles are
particularly relevant, since the mouse is the animal of
choice for molecular biology interventions (Dahlstedt et al.
2000; Nagaraj et al. 2000; Chen et al. 2001; Chin et al. 2003;
Gong et al. 2003). Therefore, the main aims of the present
study were to establish the best curve-fitting approach
to obtain detailed quantitative descriptions of profiles of
severe fatigue induced with repeated brief tetani in isolated
skeletal muscle of mice, and to apply this methodology to
quantify differences in fatigue profiles of fast-twitch and
slow-twitch muscles.

Methods
Muscle preparations and solutions

Female Swiss CD-1 mice, 4-12 weeks of age and weighing
20-35g, were killed by cervical dislocation and their
hindlimbs removed. Intact soleus or EDL muscles
were then dissected in Krebs solution (composition,
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mmMm: 122.2NaCl, 2.8 KCl, 1.2 KH,PO,, 25.1 NaHCO;3,
1.2 MgSOy, 1.3 CaCl, and 5 p-glucose) which was bubbled
with 95% 0,-5% CO, at room temperature (21-23°C). All
studies were approved by the Animal Ethics Committee of
the University of Auckland.

Stimulation and isometric force recording

The experimental set-up has been described in
considerable detail elsewhere (Cairns et al. 2007). In
brief, muscles were mounted vertically by their tendons
in a chamber containing ~100 ml of Krebs solution
(bubbled with 95% 0,-5% CO,) and immersed in a
temperature-controlled bath at 25°C. Isometric force was
measured using a semiconductor strain gauge (KSP-2-
E3, Kyowa, Japan). Contractions were evoked by electric
field stimulation, delivered via two parallel plate platinum
electrodes which flanked the muscle. The standard bipolar
rectangular pulses (20V, 0.1 ms) were supramaximal
for the twitch. Twitches and tetani were initiated from
an Apple Macintosh PowerPC 7100/80 using custom-
written Labview software. Contractions were recorded
continuously on a chart recorder (Gould model 244) with
selected contractions saved in digital form. The force
data obtained during fatiguing stimulation were measured
from chart recordings.

The preliminary protocol involved adjusting muscle
length until maximal tetanic force was achieved, followed
by 30-60 min equilibration during which tetani were
evoked every 5 min. In order to generate maximal force,
the muscles were stimulated at 125 Hz for 2's in soleus
and at 200 Hz for 0.5s in EDL. In the present study,
fatigue is defined as any reversible decline of peak tetanic
force evoked by repeated electrical stimulation of muscle.
The fatiguing stimulation regime we most commonly
used involved brief tetani (125Hz for 500 ms), with
one contraction repeated each second for 100s; this
stimulation regime was used to compare fatigue profiles
between muscle types. These tetani evoked 93.8 0.5
(n=232) or 91.34+0.5% (n=13) of maximal force in
soleus and EDL, respectively. Other stimulation regimes
involved changing the stimulus frequency, rest period
duration, number of contractions or the pulse parameters,
but in each case there was a constant inter-train interval.
After each fatigue run (i.e. a single stimulation episode
consisting of 20-300 tetani), the peak force was monitored
until maximal recovery occurred to ensure that the prior
diminution of force had not been due to irreversible
deterioration of the muscle. Two criteria were used to
ensure that a muscle was healthy prior to the start of
the first fatigue run. Those muscles whose peak tetanic
force: (1) diminished at a rate greater than 2% min~'; or
(2) evoked with 1.0 ms pulses was 20% greater than that
evoked with 0.1 ms pulses, were rejected on the basis of
submaximal excitation.
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Analysis of force records

The contractile parameters measured were peak twitch
and tetanic force, and fade. Fade was calculated as the
ratio of the force at the end of a 500 ms tetanus relative to
the peak force achieved during that tetanus. Post-tetanic
potentiation or inhibition of twitches was assessed as the
average peak force of two consecutive twitches recorded
10-15 safter a tetanus expressed relative to that for twitches
recorded prior to the tetanus (3—4 min after the previous
tetanus).

Fatigue parameters. The peak force of a tetanus during
a fatigue run was normalized to the maximal force
generated during a non-fatigued 500 ms tetanus at the
start of the fatigue run (i.e. to the first or second tetanus).
Relative force was calculated for each of the first 10 tetani,
then every fifth tetanus to 100 tetani, followed by every
twentieth tetanus to 300 tetani, and included both the
evoked force and the resting force. The fatigue profile
is depicted as the peak tetanic force (%) expressed as a
function of stimulation time. We define a fatigue index
(FI) as the relative force at a given time (or, equivalently,
tetanus number). For example, FI; is the fatigue index for
the hundredth tetanus. Any change of resting force during
a fatigue run was expressed as a percentage of the peak
force in the first tetanus.

Recovery parameters. Tetani were evoked every 5min
after the cessation of a fatigue run. The peak force for
a maximal tetanus was normalized to that of a similar
contraction obtained 5min prior to the start of the
fatigue run in non-fatigued muscle. The recovery profile is
depicted as the relative force (%) as a function of recovery
time.

Curve-fitting procedures

The relationship between the relative peak tetanic force
(%) and time, F(t), was fitted using the least-squares,
multivariate secant method of non-linear parameter
estimation (NLIN) available in the SAS statistical software
package. The quantitative basis for choosing the ‘best’
model was examined using the Akaiki Information
Criterion (AIC), as developed by Burnham & Anderson
(1998). This procedure is based on the concept of
maximum likelihood and is ideal for ranking a set of non-
hierarchical models having variable numbers of fitting
parameters. The logic of the AIC procedure was applied as
follows. Each of five distinct models was fitted to averaged
data sets obtained with various fatigue protocols. Such
fitting was first undertaken using a data set, comprising
N =190 F(¢t) points arising from five soleus muscles
stimulated at 50 Hz intermittently for 300s, since with
this stimulation regime multiple phases are apparent
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(see Fig.1). Fitting using the NLIN procedure of SAS
yielded both the parameter estimates and the Mean Square
Error (MS,), calculated according to the usual criterion
of minimizing the sum of squared deviations between
measured and predicted values of F(t). The MS, was
then converted to the maximum likelihood estimate of
the variance (ML,) as follows:

(N-K+1)
N

where K=(p+1), p being the number of fitting
parameters and ‘41" accounting for the additional loss of a
degree of freedom due to the need to estimate the variance
but not the intercept, which was given by F(0) =100 in
every case. The AIC was then calculated as:

AIC = N In(ML,) + 2K 2)

ML, = MS, (1)

This criterion was then used to rank the five models that
we examined. Note that the smaller the value of AIC in
eqn (2), the better the fit of the model to the data.

The five models were defined as follows (eqns (3)—(7))
for t > 0. Note that the symbol 7 is adopted for the three
sigmoidal expressions as well as for the two exponential
expressions. In the latter case, the symbol denotes the usual
time constant (i.e. the time required for F(t) to fall to e ™!
of its initial value). For the three sigmoidal expressions, it
denotes the half-time (i.e. the time required for F(t) to fall
to one-half of its initial value).

Six-parameter double sigmoid:

F(t) = Fuin + (100 — F) [1 + (L)]

T

+(F0_Fm1n)/|:l+<i> 2:|
(%)

Five-parameter double sigmoid (F,=288.9: for
justification see Results, F, is described in Fig. 2):

F(t) = Foin + (100 — 88.9)/[1 n (ri) ]
1
t\"
+(88.9— me)/[1 + <g> ] "

Three-parameter single sigmoid:

Four-parameter double exponential:

F(t) = Frin+ (100 = Fo)e™"/™ 4 (Fy = Fuin)e™/" (6)

(3)

Two-parameter single exponential:
F(t) = Fuin + (100 - Fmin)e_r/r (7)

When fitting each model, the relative force was constrained
to be 100% at t=0. As shown in the Results (Fig. 1
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and Table 1), the best fit of F(#) was achieved using a
double-sigmoid expression, i.e. eqn (3). The slope (S) of
this expression at any time reflects the rate of fatigue, i.e.
the rate of decline of force, at that point. It is found by
differentiating eqn (3) with respect to time. We report
the values of S; and S,, the slopes at the half-times of
each sigmoid, i.e. T; and 7,, respectively (see Fig.2).
Equation (8) gives S;, the slope at t;; an equivalent
expression gives the slope at 7,. Note that the fitting
parameters n; and n, determine the maximal slopes of
the two sigmoidal components (which occur at t; and 7,,
respectively) although the slope at any time point depends
on the value of all the other curve-fitting parameters.
_ dF (1)

n;
S = =—(100 — F,) — — (Fy, — Fuin
1 o ( ())4{1 (Fo )

E (%)nz—l
D [1 + (%)nz]z

The standard error (s.e.M.) of S; was calculated (as for any
derived quantity) as follows:

S.E.M.g, = Xp:ap{ . (831/3@_)2 9)
i=1

where p; is the i fitting parameter. For the double sigmoid
(eqn (3)), in which p=46, the summation in eqn (9)
produces 13 separate terms, each of which is by itself
lengthy, so is not presented here, but is available upon
request. A similar expression provides the s.e.m. for S,.

It is frequently instructive to determine the time at
which one of the sigmoids in eqn (3) has declined to some
given proportion of its initial value. If this proportion is
denoted by x (where 0 < x < 1), then the time required to
reach x for a specified sigmoid is given by:

(8)

1/n

n=t(x"=1) (10)

Once the best model was established, the fitting procedure
was applied to data points from single fatigue runs in
individual muscles or to the averaged data from n muscles
in order to estimate fitting parameters. In each case, the
goodness-of-fit was described statistically using both the
squared correlation coefficient (r*) and the MS,, which is
the average variance of the measured data around the line
of best fit.

Muscle fibre-type assays

Histochemistry. It was desirable to establish the fibre-
type composition of the soleus and EDL muscles used
in the present study, which can vary with strain, sex,
age or colony of the animals, in order to relate the
composition to the fatigue profiles. Sections were cut
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from the central region of muscles, frozen in liquid
propane at approximately resting length, and the fibre-
type composition confirmed by assays of myosin ATPase
activity. For details see Robinson & Loiselle (2002). The
slow-twitch typel fibres were acid-stable/alkaline-labile,
whereas fast-twitch type Il fibres were alkaline-stable/acid-
labile, and could be further classified into subtypes based
on their relative acid stability at pH 4.5 using histochemical
nomenclature (Crow & Kushmerick, 1982; Robinson &
Loiselle, 2002; Chin et al. 2003). Fibre-type composition
was expressed as relative fibre area in the whole muscle
cross-section rather than as relative fibre number, to
represent better the contribution to mechanical function
(Robinson & Loiselle, 2002).

Morphology. Muscle sections were digitally captured
(Kodak Professional DCS200, Eastman Kodak, Rochester,
NY, USA) using Photoshop 2.5 (Adobe Systems, San Jose,
CA, USA). A software package, National Institutes of
Health Image version 1.57 (NIH, Bethesda, MD, USA) was
used to quantify the number of pixels within a narrow
range of stain densities that represented a single fibre-type.
The number of each type of fibre per muscle was counted
manually. The relative fibre area (%) was calculated as the
number of pixels identified as a given fibre-type, expressed
as a percentage of the total number of pixels in the muscle
section. The total fibre area, which reflects muscle cross-
sectional area, was calculated as the summed area of all
fibres in each muscle section (knowing the area per pixel)
averaged over all muscles.

Statistical analyses

Data in the text are given as the mean values £ s.E.M.
for the number (#n) of muscles tested, unless stated
otherwise. Statistical analyses involved one-way repeated-
measures analyses of variance (ANOVA) performed
using SAS software (Sas Institute Inc., Cary, NC, USA).
Differences among means were subsequently examined
using orthogonal sets of contrast coefficients, thereby
ensuring constancy of typel error rate. Differences
between fitting parameters, or quantities derived from
them, were tested using Student’s unpaired ¢t tests.
Statistical significance was taken as P < 0.05, unless stated
otherwise.

Results
Curve-fitting to the fatigue profile

Figure 1 shows that the data describing the decline of
peak tetanic force in soleus muscles stimulated at 50 Hz
for 500 ms once per second for 300s, were well fitted
by a six-parameter double-sigmoid model (i.e. eqn (3)).
Numerical details arising from application of the AIC
to determine the model of best-fit are summarized in
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Table 1, where the superiority of the double-sigmoid
models (whether 5- or 6-parameter) is indicated by their
lowest values of AIC. Note that it was not possible
to achieve convergence using a four-parameter double
exponential (eqn (6)). Thus, we conclude that the best
analytical model with which to fit these severe fatigue data
is one of double-sigmoid form. This conclusion is bolstered
by the data shown in the inset of Fig. 1, where it can be seen
that the largest residual error associated with the double
sigmoid (in absolute value, less than 2%) is less than one-
half that arising from a single-sigmoid fit and one-third
that from a single-exponential fit.

A schematic representation of such a relationship
(eqn (3)), depicting its fitting and derived parameters, is
shown in Fig. 2. Parameter F, represents the intermediate
asymptote jointly shared by the two sigmoidal terms, and
Finin 1s the minimum asymptote of the function achieved
as t — 0o. Each half-time (7, or t,), denotes the time at
which the corresponding sigmoid has declined by 50% of
its extent. Early fatigue is described by the first sigmoid.
Its time course is indexed by 7, as well as by S; — the
maximum slope (or rate of decline of force) which occurs
at t;. Its extent is indexed by (100 — F,). Late fatigue,
represented by the second sigmoid, has its time course
and rate described by 7, and S,, respectively, and its extent
bY (Fo - Fmin)'

We deemed it important to scrutinize further the
accuracy of fitting parameter F,, since it is responsible
for determining the amplitudes of the two sigmoidal
components (Fig. 2). We did this in two independent ways.

100 & 8
<6 Al
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Figure 1. Three different models fitted to the relative peak
tetanic force as a function of time

The averaged data (0) arose by subjecting soleus muscles to 50 Hz
stimulation for 500 ms, once every second for 300 s (n = 5).
Supramaximal pulses (20 V, 0.1 ms) and plate electrodes were used.
Fitting of single-exponential (dashed line), single-sigmoid (dotted line)
or double-sigmoid six-parameter models (continuous line) are shown
as smooth curves. The inset shows residual errors arising from
curve-fitting; residual errors are consistently smaller for the
double-sigmoid fit. The legend applies to both fatigue data and
residual errors.
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Table 1. Calculation of the Akaiki Information Criterion (AIC) for
the models listed as eqns (3)—(7)

Model K MS, ML, AIC
Soleus, 50 Hz fatigue protocol
Six-parameter double sigmoid 7 19.33 18.72 570.6
Five-parameter double sigmoid 6 19.49 1898 571.2
Three-parameter single sigmoid 4 2785 27.41 6371
Two-parameter single exponential 3 28.73 2843 642.0
Soleus, 125 Hz fatigue protocol
Five-parameter double sigmoid 6 42.64 42.01 1290.4
Three-parameter single sigmoid 4 4394 4356 1298.7
Two-parameter single exponential 3 43.42 43.16 1293.6
EDL, 125 Hz fatigue protocol
Six-parameter double sigmoid 7 12,65 1239 766.7
Five-parameter double sigmoid 6 12.61 1240 764.7
Three-parameter single sigmoid 4 1835 18.17 875.0
Two-parameter single exponential 3 35.20 34.96 1068.7

The models are described by eqns(3)-(7) (see Methods).
K =p + 1, where p is the number of parameters in the model.
MS, is the (least squares) variance estimate arising from the
SAS non-linear curve-fitting routine; and ML, is the maximum
likelihood estimate of the variance (egn (1)). The smaller the AIC
(egn (2)), the greater the likelihood that that model is the best
one with which to describe the data set (Burnham & Anderson,
1998). Muscles were stimulated with tetani for 500 ms once every
second for 300 s in soleus and 100 s in EDL.

First, we fitted a single sigmoid to the first 45 tetani for
the data of soleus at 50 Hz, where a definitive plateau
exists (Fig.1); the relative force was sustained within
2% of the value at 20s for a further 28 £2s (n=14).
This yielded F, = 88.9 = 0.4% and 7 =5.9 & 0.2 s. These

1% Sigmoid

2" Sigmoid

Peak tetanic force (%)

0 T T T T T 1
0 50 100 150 200 250 300

Time (s)

Figure 2. Schematic presentation of the double-sigmoid model
of a fatigue profile, as described by eqn (3)

Four of the fitting parameters (z1, Fo, T2 and Frin) and four derived
parameters (Sq, Sz, (100 — Fo) and (Fo — Frin)) are shown. Fi, is the
minimum asymptote of the function, achieved as t — co. The maximal
slope of each sigmoid (S1 and S;), which occurs at t1 and 75,
respectively, is calculated according to egn (8). Other time course
measures (not shown) can be calculated according to egn (10).
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values do not differ significantly from those which arose
from fitting the full six-parameter double sigmoid over
the full 300 tetani (Table2). Second, we exploited the
observation thatareduction of stimulation frequency from
50 to 30 Hz eliminates the second sigmoidal component
that characterizes ‘severe fatigue’ (Fig.3). Once again,
similar parameter values were obtained when a single
sigmoid was fitted to the first 45tetani evoked at
30Hz; F,=85.5+1.0% and v =5.6+0.8s. Thus, we
subsequently set the value of F, at 88.9% whenever it
was required to use the five-parameter double-sigmoid
model (eqn (4)). Note that use of this value renders the
five-parameter model only marginally less efficacious than
the six-parameter model (Table 1).

As is evident in Fig. 3, the extent of fatigue increased
progressively as the frequency of stimulation was increased
from 30 to 50 to 125 Hz. For example, the values of FI;q
were 85+3% (n=4) at 30Hz, 64+3% (n=14) at
50 Hz and 36 +3% (n=18) at 125 Hz when tested in
the same soleus muscles. With stimulation at 125 Hz for
300s (n=9), the data were well fitted by a six-parameter
double-sigmoid expression (* = 0.99998, MS, = 0.07%).
However, the resulting fitting parameters for the
firstsigmoid  (F,=67.7+11.0%, 7,=20.7=%38.55s)
differed from the earlier estimates and had much greater
standard errors. We hypothesized that this lower F,
arose because the temporal processes underlying the two
sigmoids overlapped at 125 Hz. We tested this hypothesis
(using eqn (10)) by determining the time difference

Peak tetanic force (%)

0 50 100 150 200 250 300
Time (s)

Figure 3. Curves fitted to peak tetanic force (%) as a function of
time when evoked at different stimulation frequencies in soleus
muscle

Stimulation protocol was 30, 50 or 125 Hz for 500 ms, once every
second for 100 or 300 s, using supramaximal pulses (20 V, 0.1 ms) and
plate electrodes. A single-sigmoid (3-parameter) model was fitted to
the mean 30 Hz data over 100 s (&, n = 4, r* = 0.99996,

MS, = 0.33%). Double-sigmoid models were fitted to the mean 50 Hz
data (O, n =5, 6-parameter) and mean 125 Hz data (0, n =9,
5-parameter) over 300 s. Parameter estimates from the curves for 50
and 125 Hz are shown in Table 2. The peak force of the first 500 ms
tetanus expressed relative to the maximal force evoked with a 2's
tetanus at 125 Hz was 69% at 30 Hz (n = 4), 84% at 50 Hz (n = 5)
and 96% at 125 Hz (n = 9). Dashed vertical line indicates 100 s.
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Table 2. Parameter estimates obtained by fitting double-sigmoid
models to the fatigue profiles evoked with repeated tetani in
soleus and EDL muscles

Soleus EDL
50 Hz 125 Hz 125 Hz
First sigmoid
71 (s) 43+04 6.2+0.2 0.5+0.17
nq 24+0.5 1.7+ 04 1.4+£0.8
S1 (%-s1) -1.2+0.7 —0.8+0.1 —6.7 +4.1¢
Fo (%) 91.5+0.5 88.9 90.7 £ 0.9
Second sigmoid
72 (s) 89.6 + 1.0* 54.1+0.2 13.0+0.1%
ny 3.2+0.1 2.0+ 0.03 2.5+0.02
Sy (%-s~1) —0.45 +£0.02* —-0.58+0.01 —4.09+0.067
Frmin (%) 41.6 £ 0.5* 26.4+0.3 5.6 +£0.1%
Statistics
r? 0.99973 0.99996 0.99999
MS; (%) 0.61 0.17 0.03
(n=5) (n=9) (n=13)

Parameter estimates are mean values +s.e.M. of n muscles.
Stimulation protocol was 50 or 125 Hz for 500 ms, once every
second for 300s in soleus or 100 s in EDL. Supramaximal pulses
(20V, 0.1 ms) and plate electrodes were used. The parameter
estimates and fitting statistics were obtained using the mean
data obtained with the six-parameter model (eqn (3)) except
for soleus muscles stimulated at 125 Hz, where a five-parameter
model was used with F, fixed at 88.9% (eqn (4)). Note that 74
and 7, are the half-times for the decay of the first and second
sigmoids, respectively. The value of t; for EDL (0.5s) implies
that the half-time resides midway between the first two tetani.
* Significantly different at 50 and 125 Hz in soleus (Student’s
unpaired ttest); 7significantly different at 125 Hz between
soleus and EDL (Student’s unpaired t test).

between 90% decay of the first sigmoid and 10% decay
of the second sigmoid. The two sigmoids were found to
overlap by 97s for the six-parameter model, whereas
with 50 Hz stimulation the sigmoids were separated by
35s (consistent with the existence of a plateau phase).
Hence, the six-parameter estimate of F, at 125Hz
cannot be attributed purely to the early processes that
occur at 50 Hz, but must reflect the encroachment of
processes described by the second sigmoid. Refitting the
125Hz data using the five-parameter double-sigmoid
model (with F,=88.9%) generated a convincing fit
(Table 2), and with parameter values thought to reflect
better the early fatigue process(es) (Dahlstedt et al.
2000). With this five-parameter model substitution, the
effect of increasing the stimulation frequency from 50
to 125Hz on the parameter estimates was significant
only for the second sigmoid (smaller values of 7, and
Finin and greater S,, Table2). Note that for fatigue
induced with 125 Hz tetani a double-sigmoid expression
was again the superior fitting model according to AIC
(Table 1).

When the inter-tetanus rest period was increased from
0.5 to 1.5 s (using repeated fatigue runs in the same soleus
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muscles, with 100 tetaniat 125 Hz for 500 ms), early fatigue
was similar but differences appeared during late fatigue;
FI 09 increased from 32 & 4% with 0.5 s rest to 57 &= 3%
(n=4) with 1.5s rest. The fatigue profile with tetani
separated by 1.5 s rest periods remained adequately fitted
(r* =0.99999, MS, = 0.08%) by a six-parameter double
sigmoid with F, = 92.8 & 0.65%.

When the pulse strength is 4.4V (0.1 ms) in our
experimental set-up, soleus muscles are excited via nerve
terminals as opposed to being excited simultaneously
over the surface membrane as occurs with 20V (0.1 ms)
pulses (see Cairns et al. 2007, for details). Figure4
shows representative fatigue profiles evoked with repeated
short tetani (125 Hz) via the surface membrane (Fig. 4A)
or via the nerve terminal in the same soleus muscle
(Fig. 4B). These profiles reveal subtle differences during
late fatigue, detected between 35 and 65 s of stimulation,
and were explored further by curve-fitting (Fig.4C).
The fitting parameters and derived values for the
second sigmoid quantitatively reveal differences during
late fatigue. Phase III was more rapid at 4.4V; 7, was
reduced significantly from 46.4 + 1.0 to 36.7 £ 0.6 s, while
S, increased from —1.07 +£0.06 to —1.74 £ 0.10% s~ .
Application of eqn (10) revealed that the 20-80% decay
time for the second sigmoid increased from 27s at 4.4V
to 53s at 20 V. Clearly, our fitting approach can detect
subtle changes to the fatigue profile.

Influence of muscle type on fatigue
and recovery profiles

The fibre-type composition details of soleus and EDL
muscles, typical of those used throughout the present
study, are shown in Table 3.

Fatigue profile. Figure5 shows a representative fatigue
run of 100 tetani evoked at 125 Hz for 500 ms once every
second in an individual EDL muscle with both original
force records and the best-fitting curve (Fig.5A and B,
respectively). Parameter estimates arising from the average
fatigue profile of 13 EDL muscles are shown in Table 2.
Once again, a double sigmoid was confirmed as the
expression of best fit (Table 1). A characteristic feature of
fatigue in EDL is a decline of peak force to 93.1 £ 0.6%
(n = 13) by the second tetanus. In contrast, soleus muscle
maintained peak force within 2% of its maximal value for
3.5 4 0.1 tetani (n = 32). The times for the 90% decline of
the first sigmoid and 10% decline of the second sigmoid
in EDL show a separation of 3 s rather than the overlap
detected in soleus at 125Hz. Application of eqn (10)
revealed that the first sigmoid was 95% complete after
five tetani in EDL and 15 tetani in soleus. The rates and
extents of the second sigmoid for each muscle type are
shown in Table 2. The 10-90% decay time for the second
sigmoid was 26 s in EDL and 123 s in soleus.
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Several features of fatiguing stimulation, other than
of peak force per se, differed between muscle types (see
Figs4A and 5A). First, fade during a 500 ms tetanus
appeared during severe fatigue in EDL. This fade escalated
from ~33s and continued to progress to a value of
0.53 +0.06 (n=13) at 100 s, by which time peak force
had already reached a final plateau. In contrast, there was
no evidence of fade in any of 32 soleus muscles examined.

| L
[
v

Time (s)

Figure 4. Influence of intermittent tetanic stimulation via nerve
terminals or simultaneously over the surface membrane of the
sarcolemma on the fatigue profile in soleus muscles

Stimulation protocol was 125 Hz for 500 ms, once every second for
100 s. Stimulation pulses (0.1 ms) were evoked with plate electrodes.
Original force records are given when stimulating with 20 V pulses, i.e.
via the sarcolemma (A), or with 4.4V pulses, i.e. via nerve terminals
(B). Fatigue in B was recorded 154 min after A in the same muscle.

C, the averaged data for peak tetanic force as a function of stimulation
time (n =6, 20V and O 4.4 V), were fitted by five-parameter
double-sigmoid models. * Significant differences (ANOVA). The peak
force of a 500 ms tetanus relative to the maximal force evoked with a
2 s tetanus at 125 Hz was 93% at 20 V and 88% at 4.4V (n = 6).
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Table 3. Histochemical and morphological characteristics of mouse soleus and EDL

muscles

Characteristic

Soleus EDL

Type | (relative fibre area, %)

Type lIA or IIX (relative fibre area, %)
Type 1B (relative fibre area, %)

Total fibres per muscle

Total fibre area (mm?)

51.0 + 1.9 (45-61)
49.0 £ 1.9 (45-55)
0.1+ 0.1(0-0.3)

0.7 £0.2 (0.1-2.6)
31.4 £3.4(16-59)
67.9 + 3.5 (41-84)
512 + 46
0.595 +0.105

523 +29
0.602 £+ 0.100

Data are mean values =+ s.e.M. (range) of eight soleus and 12 EDL muscles from both
hindlimbs of six female Swiss CD-1 mice. Fibre-types were classified by myosin ATPase
activity. Note that only three of eight soleus muscles contained type IIB fibres and
all EDL muscles contained a few type | fibres. Muscle length was 13.1 &+ 1.2 mm for
EDL and 10.6 + 1.1 mm for soleus. Muscle dry weight was 2.56 4 0.20 mg for EDL and
1.68 + 0.25 mg for soleus. Some EDL data have been previously used by Robinson &

Loiselle (2002).

Second, the resting force between tetani increased in
soleus after ~23 s and reached a maximum of 7.9 &+ 0.9%
(n=132) of peak tetanic force. This effect appeared to be
linked to a slowing of the tail of relaxation after the tetanus.
The time for complete relaxation increased from less than
500 ms (first tetanus) to 1480 == 130 ms for the hundredth
tetanus in soleus (n=26), although the half-relaxation

A
10s
| |
|
B
100 4 1 = 0.99995
X MS, = 0.17%
o 801
o
S
E 60
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B 401
4
S 201
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O T T T T 1
0 20 40 60 80 100
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Figure 5. Representative fatigue run evoked with repeated
brief tetani in an individual EDL muscle

Stimulation protocol was 125 Hz for 500 ms, once every second for
100 s. Supramaximal pulses (20 V, 0.1 ms) and plate electrodes were
used. A, original force records. B, double-sigmoid (6-parameter) model
fitted to the peak force data in A.

time did not change significantly (data not shown). Resting
force did not increase during fatigue in EDL or in soleus
with longer rest periods when relaxation was complete
prior to the following tetanus. Third, in non-fatigued
muscle, there was post-tetanic potentiation of twitches by
18.2 + 1.6% (n=9) in EDL and a post-tetanic depression
of twitches by 3.8 + 0.7% (n = 11) in soleus. After fatigue
with 100 tetani, the peak twitch force was reduced to about
one-half in both muscle types. However, after 20 tetani in
EDL, which causes similar fatigue to 100 tetani in soleus,
twitch potentiation (32.5 & 14.7%, n=3) was observed
together with a large reduction of tetanic force. Fourth,
EDL muscles exhibited significantly less fatigue over 4-20 s

Soleus

e

o

o
L

(o2} o]
o o
1 1

Peak tetanic force (%)
N
o

20 A

20s 10 min

Figure 6. Influence of intermittent tetanic stimulation on
fatigue (A) and recovery profiles (B) in soleus (®) and EDL
muscles (m)

Stimulation protocol was 125 Hz for 500 ms, once every second for
100 s. Supramaximal pulses (20 V, 0.1 ms) and plate electrodes were
used. Shown are mean values =+ s.p., with data given every 10 s during
the fatigue run (n = 32 for soleus and 13 for EDL) and every 5 min
during recovery (n = 25 for soleus and 13 for EDL). In B, the dotted
line with filled squares are the recovery data in EDL after 20 repeated
tetani at 125 Hz (n = 5), and the dotted line with open squares are the
recovery data in EDL after continuous stimulation at 125 Hz for 20 s
(n =7), with error bars omitted for clarity. All relative force data points
(t > 1s) during fatigue and recovery were significantly different
between soleus and EDL (ANOVA).
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during the second fatigue run compared with the first; the
largest difference in peak tetanic force was 10.3 £ 1.8%
(n=9) after 10tetani. In contrast, the fatigue profile
in soleus was largely reproducible when using multiple
fatigue runs. For example, there was only a 3-4% greater
loss of force over 65-100 s on the second fatigue run.

Recovery profile. When investigating fatigue, it is
imperative to distinguish between reversible and
irreversible loss of force. To that end, we quantified the
extent of peak force recovery following a fatigue run.
Recovery after 100 tetani was slower and incomplete in
EDL compared with that in soleus (Fig.6B); at 5min
post-fatiguing stimulation, peak force was fully restored
in soleus but was still only 43% of its initial value in
EDL. The maximal recovery in EDL, to 79 % 2% of initial
force (n=13), occurred at 20-25 min. After a fatigue
run evoked with 20 tetani in EDL, the peak force had
recovered maximally in 10 min (Fig.6B) but was still
incomplete; 83 £ 7% of initial force (n=5). Surprisingly,
the recovery of force was rapid and complete after a
prolonged tetanus in EDL, reaching 97.8 £ 0.7% (n=7)
of initial force within 10 min (Fig. 6B). Another feature
of recovery was a transient augmentation of peak tetanic
force in soleus. The maximal increase was to 108.5 = 0.9%
of initial force (n=26) in 10—15 min. Thereafter, force
reverted to 97.1 & 0.7% of its initial value after ~60 min.
Similar extents of potentiation occurred after 20 tetani
(to 109.1 £ 1.0%, n=4) and 300 tetani (to 106.7 £ 1.3%,
n=9).

Discussion
Curve-fitting to the fatigue profile

We have shown that many profiles of severe fatigue
in mouse skeletal muscles are exceptionally well
described mathematically as a double-sigmoid function
(as confirmed by the very small values of mean square
error, MS, ). Such fitting (Figs 1, 3, 4 and 5) was achieved
for data arising from intermittent stimulation in both
soleus and EDL muscles (125 Hz for 500 ms once every
second for 100 or 300s), and in soleus with repeated
tetani evoked at 50 Hz, with rest periods of 1.5s, or
with excitation via nerve terminals. Moreover, the double-
sigmoid model gave a better fit, as judged by the
smallest Akaiki Information Criterion values (Burnham
& Anderson, 1998) and smallest residual errors (Fig. 1),
than did either single-exponential or single-sigmoidal
models (Table1). Hence, the early fatigue kinetics in
particular are much better described by such an analytical
descriptor. Moreover, examination of the fatigue literature
reveals numerous examples of apparent double-sigmoidal
behaviour in several animal species as well as in human
muscles (Burke et al. 1973; Binder-MacLeod et al. 1998;

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

Modelling of fatigue profiles 859

Chin & Allen, 1998; Ward et al. 1998; Chen et al. 2001;
Ding et al. 2002; Cairns et al. 2004). Clearly, its occurrence
in motor units (Burke et al. 1973) and human muscle in situ
(Binder-MacLeod et al. 1998; Ding et al. 2002) indicates
that it is a common phenomenon and is not restricted to
isolated mouse muscles at 25°C. Indeed, our description
of the fatigue profile supports but extends the description
of Lannergren & Westerblad (1991) by including a final
force plateau (phase IV).

Two main advances are conferred by using the double-
sigmoid modelling. First, the process is sufficiently
rigorous and detailed to quantify the multiple phases
of fatigue by extracting the distinct rates and extents
of each sigmoid (Table2). It thus provides a tool to
quantify fatigue kinetics in different muscle types, with
various stimulation protocols, and for studies where
specific phases of fatigue may change, for example
with altered ion composition (Cairns et al. 1998, 2003,
2004), pharmacological interventions (Gong et al. 2003;
Kristensen et al. 2006) or physical training (Troup et al.
1986). The investigation of fatigue properties in knockout
or transgenic animals is increasingly centred on isolated
muscles from mice (Dahlstedt et al. 2000; Nagaraj et al.
2000; Chen et al. 2001; Gong et al. 2003) where our
quantification tool can readily be applied. Second, the
model provides a temporal separation, into early and
late components, of the processes that cause fatigue. The
parameter estimates obtained from fitting can therefore
reflect the time course and extent of the dominant
underlying processes, without implying that only one
process is necessarily responsible for each sigmoid. The
double-sigmoid curve-fitting approach can therefore be
used to standardize the parameters used to characterize
fatigue in a variety of models of severe fatigue.

The fitting procedures are straightforward to perform
using either eqn (3) oreqn (4) and SAS (or Excel) statistical
software, for those fatigue models in which the following
criteria are met. First, the fatigue run should be extended
so that force loss is severe. A counter-example provided in
the present study is given by fatigue induced at 30 Hz in
soleus where there is no late fatigue (Fig. 3). Second, near-
maximal contractions are required because potentiation
of submaximal contractions can influence the fatigue
profile (Rankin et al. 1988; Bevan et al. 1992; Rabischong
& Chavet, 1997). Third, excessively high stimulation
frequencies and/or very brief rest periods should be
avoided in order to diminish the risk of early and late
fatigue processes overlapping (and thereby, producing
comparable values of 7; and 7,). Fourth, there must
be sufficient data to allow discrimination of the four
phases of fatigue, since information is lost if the data
are too sparse (compare Fig. 6A with Figs 4 and 5). Fifth,
fitting parameters are best obtained from the first fatigue
run, since they can change with repeated fatigue runs,
especially in fast-twitch muscle. Sixth, the MS, should
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be reported as a fitting statistic, rather than merely r?,
since it conveys more informatively the extent of scatter
of the observed data around the line-of-best-fit. A notable
common fatigue profile, which is not of double-sigmoidal
form, involves an initial peak force augmentation followed
by a decline to a final plateau, and this seems to be a feature
of fatigue induced with submaximal tetani in fast-twitch
muscle or motor units (Rankin et al. 1988; Bevan et al.
1992; Boom et al. 1993; Mizrahi et al. 1997; Rabischong
& Chavet, 1997). The initial potentiation, which most
probably masks detection of phases I and II, is not observed
when the stimulation elicits high force levels (Bevan et al.
1992), which matches our second criterion.

Fatigue and recovery profiles in soleus
and EDL muscles

The myosin ATPase classification of fibre-type (Table 3)
confirms that the soleus and EDL muscles used in
the present study are heterogeneous, and of similar
compositions to those described elsewhere (Crow &
Kushmerick, 1982; Kushmerick et al. 1992; Chin et al.
2003; Thabet et al. 2005). The important muscle-type
differences were that soleus contained 51% slow-twitch
typel fibres and virtually no fast-twitch typeIIB fibres,
whereas EDL contained 68% typelIB fibres and <1%
type I fibres. Mouse soleus and EDL muscles both contain
other fast-twitch fibres that can only be distinguished as
type ITA or type IIX based on myosin heavy chain isoform
assays (Kushmerick et al. 1992; Thabet ef al. 2005). The
muscle types have similar total fibre areas (Table 3), which
suggests that differences in fatigue profile are unlikely to be
ascribable to differences in diffusion distances for fatigue
factors such as oxygen insufficiency (Barclay, 2005) or the
accumulation of ions or metabolites.

Early fatigue (first sigmoid). The rationale for applying
a double-sigmoid expression to both muscle types is that
the early fatigue process(es) are assumed to be common
in soleus and EDL, with only the kinetics being different.
PhaseI was considerably briefer in EDL than in soleus
(smaller 7, Table 2), being 95% complete in five tetani
in EDL and 34 tetani in soleus. The difference in time
course occurred, first, because fatigue processes were
manifested after just one tetanus in fast-twitch muscle
(Fig. 5A; Chin & Allen, 1998), in contrast to taking three
or four tetani in soleus and, second, because the maximal
rate of force decline was 8.4-fold greater in EDL than soleus
(larger S;; Table 2). Phase Il is indicated by F, whose values
were comparable in EDL and soleus; 90.7 and 88.9%
(P=0.48), respectively. Hence, the magnitude of early
fatigue, (100 — F,), was ~10% in both muscle types.

A strong candidate to cause early fatigue is inorganic
phosphate (P;; Dahlstedt et al. 2000), which rapidly
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accumulates as creatine phosphate is consumed. Certainly,
P; can build up within 1-3 s in EDL, where the rate of P;
accumulation is three- to fourfold greater than in soleus
(Crow & Kushmerick, 1982). This may explain the greater
value of S; for EDL than soleus (Table 2). Also, P; has
been shown to increase to ~15mm in soleus at the end
of a fatigue protocol similar to ours and to even higher
levels in EDL (Dabhlstedt et al. 2000). Similar values of
[P;] reduce maximal cross-bridge function by 5-20% in
skinned fibres (Fryer et al. 1995; Potma et al. 1995; Debold
etal.2004), which is in line with the decline of F, by ~10%
in both muscle types (Table 2). Moreover, post-tetanic
twitch potentiation occurred after a single tetanus and with
severe fatigue after 20 tetani in EDL, thought to be due to
phosphorylation of myosin light chains (Tubman et al.
1996), and this may counteract early fatigue in fast-twitch
fibres. Notably, knockout mice which cannot accumulate
P; do not exhibit a phase I (Dahlstedt et al. 2000).

Late fatigue (second sigmoid). PhaseIIl had a shorter
time course in EDL than in soleus (smaller 7,, Table 2),
primarily because of the 7.1-fold greater maximal rate of
force declinein EDL (larger S,, Table 2). In close agreement
is the ~eightfold greater rate as assessed by straight-line
regression in rat EDL and soleus (Clausen et al. 2004).
Phase IV (or F;,) was lower in EDL than in soleus at
125Hz (Table 2). Therefore, the extent of late fatigue,
(Fy — Frin), amounted to 83% of initial force in EDL and
63% of initial force in soleus.

A notable experimental finding was that the second
sigmoid, which occurs with repeated tetani at 50 or 125 Hz
(for 500 ms every 1 s), was completely prevented over 100 s
at the lower frequency of 30 Hz in soleus (Fig.3). The
magnitude of late fatigue at 100 s, (F, — FI;o9), amounted
to 53% of the initial force at 125 Hz, but was attenuated to
25% at 50 Hz and abolished at 30 Hz. Thus, late fatigue is
entirely frequency dependent, at least over the 30-125 Hz
range in slow-twitch muscle. Table 2 provides more details,
showing that phase III occurs earlier at 125 than at 50 Hz;
7, was abbreviated by 35s primarily because phaseIl
(which takes ~28 s at 50 Hz) is eliminated. There was an
additional small contribution from a greater rate of fatigue
since S, was 30% steeper at 125 Hz (Table 2 and Fig. 3).

We hypothesize that the frequency dependence of late
fatigue is mainly a consequence of changes brought about
by ion movements during each action potential (Juel,
1986; Lindinger & Heigenhauser, 1988). In line with this
proposal, it has been shown that lowered extracellular
[Nat], [Ca?*] or [Cl™] (Cairns et al. 1998, 2003, 2004)
all hasten the onset of late fatigue during repeated tetani
in soleus. Moreover, the magnitude of these ion shifts
increases with stimulation frequency (Clausen et al. 2004),
along with a greater depolarization during trains of stimuli
at 125 than at 50 Hz (Cairns et al. 2003). Ion shifts may
be responsible for diminished sarcolemmal excitability
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during similar fatigue protocols (Cairns et al. 1998, 2007;
Gong et al. 2003; Clausen et al. 2004), hence lesser Ca**
release in late fatigue (Lannergren & Westerblad, 1991;
Chin & Allen, 1996, 1998; Ward et al. 1998). Furthermore,
the slightly greater rate of late fatigue with nerve terminal,
compared with sarcolemmal, stimulation (Fig.4) may
be attributed to an earlier loss of excitability in the
surface membrane or an extra contribution from impaired
neuromuscular transmission.

Several contractile properties other than peak force
differ between muscle types during late fatigue (Figs4A
and 5A). First, fade characteristically develops during
phase IV in EDL but not in soleus; hence, the constancy
of peak force does not necessarily imply that all processes
have reached a steady state. Second, resting force increases
in soleus, but not in EDL, when short inter-tetanus rest
periods are used (Cairns et al. 1998; Dahlstedt et al. 2000;
Gong et al. 2003) and is attributed to a slowing of the
late phase of relaxation. Third, post-tetanic potentiation
of twitches occurs simultaneously with tetanus depression
in fatigued EDL, as sometimes described for other fast-
twitch muscles (Rankin et al. 1988; Tubman et al. 1996).
Fourth, with multiple fatigue runs, the profile is largely
reproducible in soleus but not in EDL muscles. In contrast,
EDL displays greater resistance to fatigue during phase III
on a repeat fatigue run (Helander et al. 2002), which
is possibly due to a potentiating process (Tubman et al.
1996; Helander et al. 2002) or as a consequence of
inappropriate normalization to a lowered initial force
following incomplete recovery from the first fatigue run.

Recovery. The recovery of peak force after repeated tetani
was slower and incomplete in EDL so that a deficit of
~20% remained (Fig. 6B). This prolonged impairment
was similar after 20 or 100 tetani and comparable to that
seen after repeated tetani in other fast-twitch preparations
(Chin & Allen, 1996, 1998; Dahlstedt et al. 2000; Nagaraj
et al. 2000; Helander et al. 2002; Gong et al. 2003), but,
remarkably, contrasts with the full recovery observed after
a continuous tetanus (Fig. 6B). Apparently, intermittent
stimulation allows an extra force-depressing process to
occur in fast-twitch fibres, which seems to depend
on glucose (Helander et al. 2002) and may involve a
mechanism causing long-term impairment of Ca’* release
from the SR (Chin & Allen, 1996; Dahlstedt et al.
2000; Nagaraj et al. 2000). Peak force recovers faster
and completely in soleus (Fig. 6B), possibly due to faster
restoration of ion gradients with greater activity of Na®™—
K* pumps in slow-twitch than in fast-twitch fibres (Juel,
1986; Clausen et al. 2004).

The transient augmentation of peak tetanic force during
recovery in soleus (Fig.6B) was of similar magnitude
(~10%) to that observed previously (Bruton et al. 1997).
It is unlikely to involve phosphorylation of myosin
light chains (Tubman et al. 1996), which is thought to
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cause post-tetanic potentiation of twitches, or glycogen
supercompensation (Helander et al. 2002), since both of
these processes also occur in fast-twitch muscle which does
not display recovery potentiation (Fig. 6B). A potential
mediator is lowered [P;] since the resting [P;] of ~5 mm
in mouse soleus (Crow & Kushmerick, 1982; Kushmerick
et al. 1992) can fall by one-half after several tetani (Bruton
et al. 1997), which could contribute to a 10-15% increase
of maximal cross-bridge function (Fryer et al. 1995; Potma
et al. 1995). The lack of recovery potentiation in EDL
(Fig. 6B) could be explained by the lower resting [P;] of
~1 mM in mouse EDL (Kushmerick et al. 1992), thereby
providing rather limited scope for further reductions of
[P;] after fatigue.

Conclusion

A double-sigmoid model provides an exceptionally good
fit to a variety of fatigue profiles and is therefore a
useful method to quantify fatigue kinetics in many,
although not all, models of severe fatigue in isolated
muscles from mice. It should be particularly useful when
applied to investigation of mechanisms of fatigue following
molecular biology interventions.
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