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Abstract Repetitive activation of skeletal muscle fibers
leads to a reduced transmembrane K' gradient. The
resulting membrane depolarization has been proposed to
play a major role in the onset of muscle fatigue. Never-
theless, raising the extracellular K* (KI) concentration
([K*],) to 10 mM potentiates twitch force of rested
amphibian and mammalian fibers. We used a double
Vaseline gap method to simultaneously record action
potentials (AP) and Ca®" transients from rested frog fibers
activated by single and tetanic stimulation (10 pulses,
100 Hz) at various [K'] ~and membrane potentials.
Depolarization resulting from current injection or raised
[K*], produced an increase in the resting [Ca*"]. Ca*"
transients elicited by single stimulation were potentiated by
depolarization from —80 to —60 mV but markedly
depressed by further depolarization. Potentiation was
inversely correlated with a reduction in the amplitude,
overshoot and duration of APs. Similar effects were found
for the Ca®" transients elicited by the first pulse of 100 Hz
trains. Depression or block of Ca*" transient in response to
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the 2nd to 10th pulses of 100 Hz trains was observed at
smaller depolarizations as compared to that seen when
using single stimulation. Changes in Ca*" transients along
the trains were associated with impaired or abortive APs.
Raising [K*], to 10 mM potentiated Ca®* transients elic-
ited by single and tetanic stimulation, while raising [K*],
to 15 mM markedly depressed both responses. The effects
of 10 mM Ki on Ca** transients, but not those of 15 mM
K!, could be fully reversed by hyperpolarization. The
results suggests that the force potentiating effects of
10 mM K might be mediated by depolarization dependent
changes in resting [Ca®"] and Ca®" release, and that
additional mechanisms might be involved in the effects of
15 mM K on force generation.

Keywords Muscle fatigue - Potassium -
Membrane potential - Excitation—contraction coupling -
Calcium release - High frequency stimulation

Introduction

When skeletal muscles are stimulated repetitively their
mechanical output decreases progressively with time. This
phenomenon is known as muscle fatigue (Edwards 1981).
Although its etiology is not yet completely understood,
fatigue can be demonstrated in intact isolated fibers (for a
review, see Westerblad and Allen 2003; Allen et al. 2008).
This finding overrules the possibility that changes in the
CNS or the neuromuscular junction are the cause of muscle
fatigue and demonstrates instead that it has a myogenic
origin (Bigland-Ritchie and Woods 1984). The extent and
time course of the development of, and the recovery from,
muscle fatigue depend, among other factors, on the pattern
of stimulation and fiber type. For fast fibers, continuously
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stimulated at high frequency, fatigue most likely results
from changes in the mechanisms underlying electrical
excitability and the coupling between APs and Ca®"
release (Grabowski et al. 1972; Gonzalez-Serratos et al.
1978; Lannergren and Westerblad 1986).

Changes in trans-sarcolemmal K* and Na*t gradients
resulting from ionic fluxes during prolonged stimulation
have been proposed to be at the root of high frequency
fatigue (Juel 1986). In particular, large changes in [K*]
(including the muscle interstitium and the blood) and
intracellular K* concentration ([K*];) has been measured
from working muscles in vivo (Sjogaard et al. 1985; Balog
and Fitts 1996; Juel et al. 2000; Nordsborg et al. 2003).
Recently, it has been calculated that [K*]_ can reach values
as high as 26-52 mM depending on fiber type (Clausen
2008). Based on the complex architecture of the transverse
tubular system, it has also been proposed that K™ accu-
mulation might be larger in the lumen of the #-tubules than
in the interstitium or the plasma (Fitts 1994; Shorten et al.
2007; Cairns and Lindinger 2008). It is also expected that
the magnitude of changes in luminal [K™] and AP features
varies along the fiber’s radius. In extreme situations, the
inner segments of the #-tubules might become unexcitable,
and Ca’" release abolished. Ex vivo it has been largely
demonstrated that increasing [K*], lead to fiber depolar-
ization and reduction in force development in both
amphibian and mammalian muscles (Renaud and Light
1992; Cairns et al. 1995, 1997); for recent reviews see
(Allen et al. 2008; Kristensen and Juel 2009). According to
the “potassium hypothesis” for muscle fatigue (Renaud
and Light 1992), membrane depolarization resulting from
extracellular K™ accumulation (and intracellular K loss)
during continuous activation would be the major cause of
fatigue. Membrane depolarization per se would reduce the
availability of Na™ channels and the Na™ electromotive
force. As a consequence, the amplitude, overshoot and
speed of the rising phase of the AP would be reduced. It is
expected that those impairments in AP would lead to a
smaller Ca®* release, which in turn will result in a reduced
active force generation. Nevertheless, several mechanisms
have been suggested to act in vivo to prevent the loss of
excitability during voluntary exercise (for a review see
Allen et al.).

Similarly, according to the “sodium hypothesis” for
muscle fatigue (Cairns et al. 2003), the sodium concen-
tration ([Na™]) is expected to decrease in the t-tubule
lumen and to increase in the myoplasm upon repetitive
stimulation (Juel 1986). Several lines of evidence support
that such changes can impair AP conduction along the
t-tubules (Bezanilla et al. 1972; Duty and Allen 1994). In
addition, the effects of changes in the transmembrane
gradients of both ions have been suggested to be syner-
gistic rather than being additive (Bouclin et al. 1995).
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One approach to test the potassium hypothesis ex vivo is
to study the effects of raising the [K*] on rested intact
fibers while keeping constant all other factors potentially
involved in muscle fatigue (Renaud and Light 1992; Cairns
et al. 2003). Using this paradigm, it has been demonstrated
that rising [K*], has differential concentration-dependent
effects on twitch and tetanic force. Increasing [K*]  up to
10 mM has no effect on tetanic force but, unexpectedly,
potentiates twitch force. Further increase in [K*], to 15 mM
depresses both twitch and tetanic force (Renaud and Light
1992; Cairns et al. 1997). The mechanisms underlying these
effects are not known. Impairment of Ca>" release has been
suggested as a possible mechanism underlying force gen-
eration depression in response to raised [K*]  (Renaud and
Light 1992), but this possibility has not been yet tested.

To further investigate the potassium hypothesis; here we
used rested cut fibers as an alternative model to intact
fibers. Fibers were mounted on a Vaseline gap chamber
(DiFranco et al. 1999; Quinonez and DiFranco 2000),
stretched to sarcomeric lengths of about 4 pm and loaded
with a low affinity Ca’" dye. In these conditions, fiber
shortening is prevented without significantly altering the
endogenous buffering capacity of the fibers, and electrical
responses and Ca" transients elicited by single and tetanic
stimulation could be simultaneously detected without dis-
tortion. In addition, the method allows for fast changes in
the [K™], and to control the steady state membrane
potential by current injection, thus permitting the study of
the effects of changing each parameter in isolation.

The aims of this study were to determine the effects of
rising [K*], on electrical excitability and Ca”" release and
whether these effects could be reproduced by depolariza-
tion at normal [K*] , or reversed by hyperpolarization at
raised [K'],.

We found that raising [K'] to 10 mM results in
membrane depolarization, reduction of AP amplitude and
overshoot, and potentiation of Ca®" transients elicited by
single and 100 Hz stimulation. These effects could be
mimicked and, more importantly, reversed by current
injection. The effects of depolarization (induced by current
injection) on Ca®" transients were remarkably similar to
the previously reported effects of raising [K*]  on twitch
tension. Ca’" transients elicited by single and tetanic
stimulation were depressed in fibers exposed to
15 mM K. This changes were reversed by reducing [K*],
to 2.5 mM but not by fiber hyperpolarization. The results
suggest that the effects of 10 mM K, but not 15 mM K,
on force generation can be mostly explained by changes in
Ca*" release produced by fiber depolarization.

A similar study on the effects of reducing [Na'], at
different membrane potentials will be published elsewhere.
Part of this work was presented in abstract form (Quifionez
et al. 2009).
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Methods
Animal model

Animals were handled in accordance to the regulations laid
down by Universidad Central de Venezuela. Anesthetized
animals were killed by rapid transection of the cervical
spinal cord, followed by pithing in the cranial and caudal
directions. Experiments were performed with segments of
fibers dissected from the dorsal head of the semitendinosus
muscle of tropical toads (Leptodactilus sp.).

Solutions

All the solutions, which composition (in mM) is shown
below, were adjusted to a pH = 7.2 and an osmolarity of
250 mOsmol/kg H,O. Ringer solution: 115 NaCl, 2.5 KClI,
1.8 CaCl,, 1 MgCl, and 10 MOPS (4-morpholineethane-
sulfonic acid); titrated with NaOH. In order to make our
results comparable to those obtained in studies of the
effects of raised [K"]  on the mechanical output of rested
muscles (Renaud and Light 1992; Cairns et al. 1997);
Ringer solutions with higher [K*] (10 and 15 mM) were
made by equimolar exchange of NaCl with KCI, as
reported previously (Renaud and Light 1992). Saturation
solution: 80 CaCl,, 10 MOPS; titrated with NaOH. Internal
solution: 110 aspartate, 5 K,-ATP, 5 Na,-creatine phos-
phate, 20 MOPS, 0.1 EGTA (ethylene glycol tetraacetic
acid), 5 MgCl,, 0.5 mg/ml creatine phosphokinase; titrated
with KOH. All chemicals were from Sigma (St. Louis,
Missouri, USA); Cca’t dyes were from Molecular Probes
(Invitrogen, Carlsbad, California, USA).

Electrophysiological techniques

Cut skeletal muscle fibers were mounted in an inverted
double Vaseline gap chamber and maintained in current
clamp conditions as previously described (DiFranco et al.
1999). Briefly, the segment of fiber was divided in three
electrically isolated sections by two vacuum grease (Glis-
seal, Borer Chemie, Zuchwil, Switzerland; DiFranco et al.
1999) seals. The electrical and optical measurements were
made at the central section, ~500 pm in length. The lat-
eral fiber sections were permeabilized using saponin
(0.1 mg/ml) to improve the exchange of solutes between
the internal solution contained in the chamber’s lateral
pools and the myoplasm of the central section of the fiber.
Fibers were stretched to a sarcomere spacing of 4-4.5 um
to prevent movement dependent optical artifacts. The sar-
comere spacing was measured from images acquired with a
100x 1.3NA objective and a CCD camera (Spectrasource,
CA, USA). At the beginning of the experiments the
membrane potential was adjusted to —100 mV (“resting

potential”) and then varied to values between —100 and
—55 mV by current injection through one of the cut ends. A
3 min period was allowed after changing the membrane
potential. Single pulses or short trains of pulses (100 Hz, 10
pulses) were used to trigger action potentials (APs), which in
turn elicited calcium release. Pulse duration was 0.2 ms, and
amplitude was adjusted to ~15% above the threshold at
—100 mV, and not changed thereafter. The central pool was
continuously perfused with external solution. The perfusion
system had a dead time of ~2s. A 20 min period was
allowed for equilibration after changing solutions. Experi-
ments were performed at room temperature (~20°C).

Calcium measurement

Steady myoplasmic [Ca®"] and AP elicited myoplasmic
[Ca2+] changes were followed with the low affinity fluo-
rescent calcium dye Oregon green 488 BAPTA 5N
(OGB5N) and the high affinity dyes Fluo-3 and Rhod-2. The
dyes were dissolved in the internal solution and loaded into
the fibers through the cut ends. After mounting the fibers, a
30 min period was allowed for equilibration between the end
pools and the central section of the fiber. The chamber was
mounted on the stage of an inverted microscope (Diaphot,
Nikon Instruments Inc., Melville, New York, USA) equip-
ped with a standard epifluorescence attachment. A mercury
arc lamp was used as the light source. A 2B-A fluorescence
cube (Nikon, 490//505//520-560, in nm, excitation/dichroic/
emission, respectively) was used to separate excitation and
emission wavelengths for Fluo-3 and OGB-5N. A G-1B cube
(Nikon, 510-551//565//590, in nm) was used for Rhod-2.
Dye excitation periods were kept as short as possible and
synchronized to the electrical stimulation using a lab-made
electromagnetic shutter under computer command. In most
cases, myoplasmic [Ca®"] changes are presented in molar
units calculated from the Ca®" dependent fluorescence
changes using the following expression:

[Ca®"],

[[Ca®"]eq + (Finax — Frest) - Ka] + [(AF - Kq) + dF/F]
(Fmax — Lrest — AF) : Kd

(1)

(Caputo et al. 1994), where: [Ca2+], is the change of free
myoplasmic calcium concentration with time (referred
thereafter as a “calcium transient”), F,.. is the dye fluo-
rescence at saturating [Ca”], [Ca”]rest is the free [Ca”]
at rest, Ky is the dye-calcium complex dissociation con-
stant, and AF is the fluorescence change above the resting
level, calculated as F, — Fy, and dF/F is the time
derivative of AF. [Ca*"],.y Was taken as 100 nM (Lopez
et al. 1983), although it should be noted that there is no
general agreement about the [Ca®*"),eq in skeletal muscle
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fibers. Reported values vary widely between <50 and

>300 nM (Lopez et al. 1983; Blatter and Blinks 1991;
Kurebayashi et al. 1993), probably depending on the
method used. We consider the value initially determined
with Ca®>" sensitive electrodes (e.g. 100 nM; Lopez et al.
1983) as a reasonable compromise among published values.
This value of 100 nM for the [Ca2+]m[, has been previously
used for the same kind of calculations performed here
(Caputo et al. 1994); and more recently the same value, but
calculated from Fura-2 fluorescence measurements, has
been assumed by others for mouse skeletal muscle (Lynch
etal. 1997). F, and F.. are the fluorescence as a function of
time and the resting fluorescence, respectively. K4s were
calculated from saturation curves generated from cuvette
measurements. To this end, Cca’t dyes were dissolved
(10 uM) in solutions of known pCa’s (CALBUF-2, WPI,
Sarasota, Florida, USA) and the fluorescence measured in
the same setup used for electrophysiological and optical
experiments (DiFranco et al. 1999). Published Ca®" dyes
parameters used for Ca>" transient calculations are given in
Table 1 (Caputo et al. 1994; Escobar et al. 1997; DiGreg-
orio et al. 1999). F,.x was measured at the end of some
experiments using a method similar to that previously
described (DiFranco 1991; Sanchez and Vergara 1994).
Briefly, the fibers were exposed to an isotonic Ca®" solution
containing 0.1 mg/ml saponin (see “Solutions”). Differing
from the previous method (DiFranco 1991), however, fix-
atives were not used since it was found that stretching the
fibers to 4-4.5 um sufficed to prevent contraction in the
presence of saturating [Ca>"] for a period longer than that

Table 1 Parameters of calcium dyes

needed to reach dye saturation. Figure 1 shows an example
of a saturation experiment. It can be seen that soon after
applying the saturating solution (arrow) the fluorescence
increased monotonically to a maximum (F,,x), and then
decreased more slowly to a level below that observed before
exposure to saturation solution (Fig. 1A). In addition, it
should be noted that, the fluorescence changes are preceded
by fiber depolarization (Fig. 1B). In all certainty, the
increase in fluorescence is due to the influx of calcium into
the fiber, whereas the later decay is due to washout of the
dye-calcium complex out of the fiber. The average F,.x for
the three dyes are given in Table 1. For comparison, a
fluorescence transient was elicited by AP stimulation prior
to the saturation procedure (Fig. 1A, B), and the calculated
Ca”" transient is shown in the inset in Fig. 1A. In some
cases, calcium dependent fluorescence transients were
expressed as dimensionless fractional fluorescence changes
(AFIF = (F, — Fie)!Fre); referred thereafter as “fluores-
cence transients”.

Data acquisition and analysis

Membrane potential and fluorescence were filtered at 5 and
2 kHz, repectively, using 8-pole Bessel filters (Frequency
Devices, Ottawa, Illinois, USA); and acquired simulta-
neously using a Digidata 1200A acquisition board and
Axotape software (Molecular Devices, Sunnyvale, Cali-
fornia, USA). Data were analyzed using Origin 6.0 (Origin
Microcal, Northampton, Massachusetts, USA). Data are
presented as mean + SE. Significance was set at P < 0.05.

Dye Kon WM~ ms™h Ko (ms™h) K4 (uM) Fonax/Frest (mean £ SE) References

OGB-5N 0.17 5.6 329 13.2 + 0.87 (n = 6) DiGregorio et al. (1999)
Fluo-3 0.03 0.12 4.0 175+39 (n=4) Caputo et al. (1999)
Rhod-2 0.069 0.13 1.87 26+56n=4 Escobar et al. (1997)

Kon 'y Ko are the on and off rate constants, respectively. Ky is the dissociation constant. F.q and F,,, are the dye fluorescence measured in vivo
in fibers at rest or exposed to saturating [Ca*"]. n is the number of measurements

Fig. 1 Measurement of F ., in
live fibers. A Fluorescence
transient (F7) elicited by AP
stimulation and fluorescence
changes (SAT) in response to
exposure to the saturation
solution (arrow). The inset
shows the Ca>™ transient
calculated from the fluorescence
transient. B Action potential
(AP) and transmembrane
potential changes in response to 01

>
[

SAT 6

IN
I

Fluorescence (a.u.)

exposure to the saturation S R
solution (arrow)
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Results

Ca®" transients calculated from fibers loaded
with different fluorescent dyes and stretched
to different sarcomere length

We first verified the usefulness of high- (Rhod-2 and Fluo-
3) and low affinity (OGB-5N) Ca*" dyes to track fast Ca®"
transients elicited by single APs or short trains of APs, and
determined the minimal fiber stretching assuring the
effective prevention of possible mechanical artifacts in the

presence of low EGTA concentrations ([EGTA]). Fluores-
cence transients from the 3 dyes, obtained in similar con-
ditions in response to single stimulation, are shown
superimposed in Fig. 2A. A normalized scale is used to
highlight the kinetics differences among the fluorescence
transients. As expected from their K;s, the slower and faster
transients were recorded from fibers loaded with Rhod-2
and OGB-5N, respectively; whereas transients from fibers
loaded with Fluo-3 displayed intermediate kinetics. See
Table 2 for comparative kinetic parameters. Ca>" transients
calculated from fluorescence transients in Fig. 2A are

A B 54 (o]
1.0 4 1.04 & 1o
o
4 — 3
= 08+ = o “© 0.8+ s
L = 6] £
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T 06 - = T 06
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Fig. 2 Ca®* transients calculated from fibres loaded with different
Ca®" dyes and stretched to different sarcomere lengths. A Normalized
fluorescence transients from fibers loaded with Rhod-2 (R), Fluo-3 (F)
and OGB-5N(O). B Ca>" transients calculated from the data in A.
C Normalized Ca®>" transients from B. The inset in C shows the same
transients in an expanded time scale. D Comparison of fluorescence
(AF/F) and Ca** transients ([Ca>*]) from a fibre loaded with OGB-
5N. E Ca*" transients calculated from OGB-5N transient from a fiber

stretched at 4.5 pm and stimulated with a single pulse and a train of
pulses. F Ca*" transients calculated from OGB-5N transient from a
fiber stretched at 3.6 um and stimulated with a single pulse and a train
of pulses. The inset in panel E compares Ca>* transients shown in E
(trace a) and F (trace b). G-L Ca®** and fluorescence transients
elicited by 100 Hz stimulation in fibers loaded with Rhod-2 (G),
Fluo-3 (H) and OGB-5N (I). Sarcomere length: 4.5 pm (A-E, G-I)
and 3.6 um (F)
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Table 2 Amplitude and kinetic parameters of Ca*? transients calculated from OGB-5N, Fluo-3 and Rhod-2 fluorescence transients

Dye Delay (ms) Tpear (MS) d[Ca™)/dtpax (MM ms™) FDHM (ms) Amplitude (uM) Peak AF/F
OGB-5N (n = 12) 0.83 + 0.01 3.19 + 0.03 3.2 £ 0.01 4.82 + 0.02 4.48 + 0.26 1.68 + 0.09
Fluo-3 (n = 10) 0.88 + 0.02 42 4 0.04 1.61 £ 0.07 6.8 £ 0.4 2.66 + 0.19 24 4025
Rhod-2 (n = 12) 0.94 + 0.02 4.38 + 0.05 0.9 + 0.08 8.43 + 0.37 1.53 £+ 0.09 10.2 + 0.52

Delay is the coupling delay between the AP and Ca®" transient onsets. Tpeak is the time to peak of the Ca®" transient. d[Ca™)/dt .y is the
maximun derivative of the raising phase of Ca transients. FDHM is the duration at half maximun ot the Ca** transient. Amplitude is the
amplitude of the Ca>* transient. Peak AF/F is the peak value of the fractional fluorescence transiets. Values are mean & SE. 7 is the number of

measurements

shown in Fig. 2B and C. Ca®" transients calculated from
Rhod-2 and Fluo-3 transients display a remarkable “kinetic
correction”, and approach the time course of Ca®" tran-
sients calculated from OGB-5N transients, which reported
the faster and larger free [Ca®"] changes. In addition to its
kinetic limitation, and unexpectedly for a single binding site
dye, Ca®" transients from Rhod-2 display a two time con-
stant decay. This behavior is in contrast to that found for
Fluo-3 and OGN-5N, which display a monotonic decaying
phase. The parameters characterizing Ca®" transient cal-
culated with Eq. 1 from fluorescence transients of the 3
dyes are shown in Table 2. The superiority of OGB-5N to
track fast [Ca®"] changes is further stressed by superim-
posing fluorescence and Ca’* data. As can be seen in
Fig. 2D, Ca*" transients are only slightly faster than OGB-
5N fluorescence transients. This results from an accelera-
tion of both the rising and falling phases, and a reduction of
the time to peak of the Ca®" transients as compared with the
parameters of the corresponding fluorescence transient.
This result suggests that at room temperature the reaction
between OGB-5N and Ca”" is close to equilibrium during
the Ca" release.

We found that, in order to obtain a faithful portrait of
Ca”" release when using low EGTA concentrations and
high frequency Stimulation, fibers should be stretched to
about 4 pm. Figure 2E and F compare Ca”" transients
calculated from OGB-5N transients obtained from 2 fibers
loaded with 100 uM EGTA and stretched to 4.5 and
3.6 um, respectively. As can be seen from the inset in
Fig. 2E, responses to single stimulation obtained from both
sarcomere lengths are closely similar, discarding any del-
eterious effect of stretching on Ca’' release (see also
DiFranco et al. 2002). Nevertheless, different responses are
seen when using short high frequency (i.e. 100 Hz) trains.
While in highly stretched fibers (Fig. 2E) peak Ca>* release
decays monotonically in response to the first 3—4 pulses
towards a relatively steady value afterwards, a staircase
response starting after the second pulse response is seen in
less stretched fibers (Fig. 2F). As expected from single
stimulation data, comparison of fluorescence and Ca®t data
obtained from fibers stretched to ~4 um and stimulated at
100 Hz (Fig. 2G-I) shows that Ca*" dyes with very high

@ Springer

Kgs are not appropriate to study Ca”" release in fast muscle
fibers in response to high frequency stimulation (Baylor and
Hollingworth 2003). The similarity in the kinetics of Ca®"
data in Fig. 2H and I reinforces the usefulness of Eq. 1 to
calculate Ca®" transients and the need for the effective
restriction of fiber contraction in order to faithfully study
Ca®* release. In addition, they show the limitations of
optical studies of Ca®" release performed in contracting
fibers loaded with high affinity dyes.

Calcium handling in fibers polarized at various
membrane potentials

Since the increase in [K™"] is known to cause a reduction in
membrane potential, we first studied the effects of the
membrane depolarization on calcium handling in the
presence of physiological [K*] . To this end, appropriate
steady currents were applied to the fibers to obtain the
desired level of depolarization. Changes in Ca®" transients
were correlated with concurrent depolarization-induced
alterations in resting [Ca®"] and AP features. Changes in
resting [Ca®"] routinely detected with OGB-5N were
confirmed with Fluo-3.

Resting [Ca®*) at different membrane potentials

Here we found an intriguing effect of membrane depolar-
ization on resting [Ca®"]. Figure 3 show that stepwise
membrane depolarization from —100 to —55 mV is asso-
ciated with a graduated and reversible increase in resting
[Ca®"]. Analysis of OGB-5N data (Fig. 3A, B) show that at
—55 mV free [Ca2+] is about threefold that assumed in
quiescent polarized fibers (100 nM, see Methods), and that
fiber repolarization to —100 mV results in the reversal of
those effects (Fig. 3B). Similar results were obtained using
Fluo-3 (Fig. 3D, E), but calculated [Ca“] changes were
larger than those calculated from OGB-5N data. Since in
steady-state conditions both dyes are expected to report
similar values of [Ca®"], the differences found probably
reflect inadequacies of the dyes parameters. Panels C and F
in Fig. 3 show pooled data obtained from fibers loaded
with OGB-5N or Fluo-3, respectively.
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Fig. 3 Effect of holding potential on free resting [Ca>*] calculated
from OGB-5N (A-C) and Fluo-3 data (D-F). Traces 1-5 in A, B and
D, E are the resting [Ca2+] recorded at: —100 (control), —80, —70,
—60 and —55 mV, respectively. Trace 6 is the resting [Ca®']
recorded 3 min after repolarization to —100 mV. C and F are the

Effects of membrane potential on Ca>* transients
elicited by single stimulation

Opposite to the monotonic effect of depolarization on
resting [Ca®"], fiber depolarization from —100 to —55 had
a complex effect on Ca”*" release. Depolarization from
—100 to —90 mV had no significant effects on Ca’*"
transients, but further depolarization up to —55 mV pro-
duced profound changes on the features of the Ca®" tran-
sients (Fig. 4A and C, traces 2—4). It can be seen that, in
this range of potentials, depolarization has a dual effect on
the amplitude of Ca®" transients. The amplitude increases
with depolarization from —90 to —60 mV. Trace 3 in
Fig. 4A shows the maximum potentiation of Ca>" transient
by depolarization; reached in this fiber at —60 mV. It can
also be seen that the increase in the amplitude of the Ca®"
transient is larger than the increase in the pre-stimulus
(“resting”) [Ca®"]. Ca®" transients are markedly depressed
by further depolarization between —60 and —55 mV
(Fig. 4A, trace 4), and totally absent thereafter (not
shown). Figure 4C shows that biphasic changes in transient
amplitude are accompanied with a monotonic increase in
both the transient duration and the time to peak of the Ca®"
transient. The increase in transient duration is due to a
slowing of both its rising and falling phases. All the

average resting [Ca®"] as a function of membrane potential from 8 to
6 fibers, respectively. [OGB-5N]: 200 uM. [Fluo-3]: 100 uM. Sarco-
mere length: 4.3 £+ 0.2 pm and 4.1 + 0.3 um for C and F, respec-
tively. Records were taken ~3 min after changing membrane
potential

depolarization-dependent changes in the Ca’" transient
could be completely reversed by repolarizing the fiber to
—100 mV as shown by the similarity of Ca®" transients
calculated from fluorescence data obtained before depo-
larizing the fibers (thin trace, Fig. 4D) and after repolar-
izing it back to —100 mV (thick trace, Fig. 4D). The
maximal potentiation of the amplitude of the Ca** tran-
sient was 17.2 & 7.3% (n = 8, P < 0.05). This value is
significantly smaller than the maximal twitch amplitude
potentiation (~56%) seen in amphibian fibers in the
presence of 9 mM K} (Renaud and Light 1992), but sim-
ilar to the potentiation found in mammalian fibers exposed
to 10 mM K (Cairns et al. 1997). The difference in per-
centage potentiation of both variables in frog fibers prob-
ably reflects the non linear dependence of force on free
[Ca2+]. The difference in force potentiation between
amphibian and mammalian fibers is interesting and
deserves further investigation.

Simultaneous electrical recordings (Fig. 4B) demon-
strate that fiber depolarization results in a reduction of the
AP amplitude and an increase of AP duration. AP over-
shoot is not affected significantly by depolarization up to
—80 mV (traces 1-2). Further depolarization resulted in
the reduction of the overshoot and increase of the duration
of the AP (traces 3—4). Aside from the obvious reduction in
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Fig. 4 Calcium transients
elicited by single stimulation at
different membrane potentials.
A Traces 1-4 are Ca®"
transients calculated from OGB-
5N fluorescence transients
elicited at membrane potentials
of —100, —80, —60 and

—55 mV, respectively. B AP’s
corresponding to Ca**
transients in A. Note differences
in time scales. C Ca®* transients

[Ca™] (uM)

in A presented in a normalized
scale. D Calcium transients
calculated from OGB-5N
fluorescence transients elicited
at —100 before applying the
depolarizing protocol (thin
trace) and 3 min after
repolarizing the fiber (thick
trace). Sarcomere length:

4.5 um
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amplitude due to the imposed depolarization, traces 1-2
shows that potentiation can occur in the absence of
noticeable changes in overshoot and speed of depolariza-
tion and repolarization. It should be also noticed that the
AP that elicited the largest Ca”" transient (trace 3) displays
an amplitude about 50% that of control (trace 1) and a
FDHM that is more than twofold that of control. Alto-
gether, these results suggest that AP amplitude and wave-
form are not the only factors determining the features of the
Ca”* transients. The repolarization phase of AP elicited at
highly depolarized potentials follow a single exponential
and resemble that observed in fatigued fibers but differ
from that recorded from fibers exposed to high [K*]
(Lannergren and Westerblad 1986).

The effects of membrane depolarization on some fea-
tures of APs and Ca”" transients are summarized in Fig. 5.
The biphasic dependence of Ca®" transient amplitude on
membrane potential is clearly seen in Fig. SA. It can be
observed that the Ca’" transient potentiation changes
smoothly with depolarization between —90 and —65 mV,
while a steep relationship between Ca®" transient ampli-
tude depression and membrane potential is seen in the
range of —60 to —55 mV. The fact that the potentiation
region of the plot is not correlated with the expected effects
of changes in the overshoot (Fig. 5C) and FDHM of the AP
(Fig. 5D), suggests that Ca®" transient potentiation results
from another voltage-dependent parameter, such as the
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resting [Ca”"]. In fact, a significant potentiation is still seen
at about —60 mV, while the AP amplitude and overshoot
are highly depressed. Figure SA is highly reminiscent of
the effect of raising [K*]  on twitch tension (Renaud and
Light 1992). On the other hand, the depression region of
the plot is correlated with a pronounced reduction in the
overshoot and a large increased of the FDHM of the AP.

Effects of membrane potential on Ca>" transients
elicited by tetanic stimulation

To assess the effect of depolarization on Ca®" release
during repetitive activation in the absence of ionic con-
centration changes, fibers were depolarized at various
levels by current injection and stimulated with 10 pulses
applied at 100 Hz (Fig. 6). Except for the potentiation of
the first transient of the train, depolarization from —100 to
—80 mV had little effect on Ca®" release along the train
(Fig. 6A, B). In contrast, depolarization to —60 mV had
differential effects on Ca?" transients along the train.
Maximal potentiation was seen in response to the first pulse
of the train whereas depression of Ca®' transients was
observed from the second to the last stimulus (Fig. 6E, F).
It can also be seen that the release is irregular along the
train, i.e. transients of alternating amplitude can be detec-
ted along the train. Nevertheless, opposite to the case for
the first transient, the amplitudes of the 2nd to 10th Ca%t
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transients at —60 mV were always smaller than those
detected from —100 to —80 mV. At —55 mV, only a
highly depressed Ca®" transient elicited by the first stim-
ulus is seen. Potentiation along the train (2nd to 10th
pulses) was observed in a narrower potential range as
compared with the responses to single pulses. An example
of potentiation of the Ca>* release from a fiber depolarized
to —70 mV is shown in Fig. 8B. As can be seen, all Ca*t
transients along the train (in response to the 2nd to 10th
pulses) were larger than those recorded at —100 to
—80 mV. As expected, the effects of depolarization on the
first pulse of the trains are identical to those observed in
response to single stimulation. Figure 6E—H compare, in an
expanded time scale, the first and last Ca®* transient af
present) of every train. Figure 6G highlights the potentia-
tion and prolongation of the first Ca®" transient at
—60 mV, as compared to those recorded at more negative
membrane potentials. The electrical records corresponding
to the Ca”" transients shown in Fig. 6A—H are presented in
Fig. 61-P. Other than the imposed depolarization, little
differences are detected among the AP trains elicited
between —100 and —80 mV (Fig. 61, J and M, N).
Although active responses are elicited by all pulses in the
train, only the first AP display a significant overshoot at a

holding potential of —60 mV (~20 mV, Fig. 6K, O). As
seen with single stimulation, this smaller AP is associated
with a potentiated Ca®" transient, while the rest of APs
along the train elicits depressed releases. It can also be seen
that variability in the Ca*" transient amplitude is associ-
ated with corresponding, but smaller, variations in AP
amplitude. It is remarkable that a difference of ~3 mV
between the overshoots of the 9th and 10th AP is associ-
ated with relatively larger changes in Ca?" transient
amplitude (Fig. 6G, O). At —55 mV only the first pulse of
the train elicits a regenerative active response; the rest of
responses along the trains are abortive (Fig. 6L, P). The
fact that at this potential the fiber cannot sustain active
responses to 100 Hz stimulation explains why there is no
Ca”" release along the train but the depressed Ca”" release
associated with the first AP (Fig. 6D). Thus, although
single small APs can be generated at —55 mV, at this
potential the excitability is so compromised that active
responses to trains of stimuli cannot be generated. It is
important to note that the lack of electrical response at
highly depolarized potentials occurs even when the applied
pulses depolarize the surface membrane to about —5 mV
(Fig. 60, P). The pattern of responses described in Fig. 6
and Fig. 8B was confirmed in 5 fibers.
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Fig. 6 Effects of membrane depolarization on Ca®" transients
elicited by repetitive stimulation. A-D Ca®* transients elicited by
100 Hz stimulation in a fiber held at —100, —80, —60 and —55 mV,
respectively. E-H First and last Ca*" transients of A-D displayed in
expanded time scales, respectively. The dashed lines in A-H indicate
the resting [Ca®*). I-L Electrical records corresponding to the Ca*t
transients shown in A-D, respectively. M-P Expanded time

Effect of 10 mM extracellular [K™] on Ca?* transients

The effects of potassium accumulation during fatigue were
tested independently from other factors by measuring Ca>"
transients and AP’s in rested fibers exposed to 10 and
15 mM [K*]. We first studied the effect of raising the
[K*], to 10 mM on the Ca*" transients elicited by single
stimulation (Fig. 7). Fibers depolarized to about —70 mV
when exposed to 10 mM K. Ca”* transients calculated
from fluorescence transients recorded in 10 mM [K*]
(Fig. 7A, trace 3) are potentiated and prolonged as com-
pared to those obtained from data recorded in normal
Ringer at —100 mV (trace 1). Also it can be seen that
resting [Ca*"] is higher in high [K*], (trace 3) than in
normal Ringer (trace 1). This result is in agreement with
the relationship between resting [Ca®*] and the resting
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presentation of AP’s recorded simultaneously with the Ca*" transients
shown in E-H, respectively. Different voltage scales were used for
M-P. The pulse amplitude was not changed. The dashed lines in
I-P indicated the resting and zero potentials. The numbers in panels
A-P indicate the position of responses along the train. Records were
taken ~3 min after changing membrane potential

membrane potential described above. Since fibers exposed
to 10 mM extracellular K™ depolarizes to approximately
—70 mV (Fig. 7B, trace 3), in Fig. 7A the Ca®* transient
obtained in a fibers maintained in normal Ringer but
depolarized to —70 mV by current injection (trace 2) is
included for comparison. It can be seen that both transients
are very similar. The corresponding AP’s (Fig. 6B, traces
2-3, respectively) are also comparable. The fact that
K*-induced depolarization has similar effects to those of
depolarization induced by current injection is the first
direct evidence suggesting that the effects of 10 mM K on
Ca®" transients shown here and the effects on active force
production shown elsewhere (Renaud and Light 1992;
Bouclin et al. 1995; Cairns et al. 1997) are due to the
depolarization of the membrane, and, more importantly,
possibly mediated by a potentiation of Ca®" release, i.e.,



J Muscle Res Cell Motil (2010) 31:13-33

23

Fig. 7 Ca®" transients elicited
by single stimulation in a fiber
exposed to 10 mM extracellular
K*. A Superimposed Ca**
transients calculated from
fluorescence transients recorded
in control conditions

(=100 mV, 2.5 mM K, trace
1), after depolarizing the fiber to
—70 mV by current injection
(2.5 mM K, trace 2), and after
exposing the fiber to 10 mM K}

(trace 3). B Traces 1-3 are the
APs corresponding to data in A.
C Ca*" transients recorded at
—100 mV in a fiber exposed to
2.5 mM K (trace 1) and

10 mM K (trace 2). D Traces
1-2 are the APs corresponding
to data in panel C. The dashed
lines in B and D indicate the
zero potential. Sarcomere
length: 4.3 um. Records were
taken about 20 min after
changing solutions

15
Time (ms)

(@)

[Ca™] (uM)

20

25 30

Time (ms)

15
Time (ms)

they are not due to the presence of K* per se. Further
evidence in support of this possibility is provided in
Fig. 7C, which shows that the effects of 10 mM K can be
reversed by repolarizing the fiber by means of current
injection. As can be seen the Ca®" transient obtained at
—100 mV in the presence of 10 mM K is almost identical
to that obtained in control conditions (—100 mV, 2.5 mM
K;r, Fig. 7C, trace 2). Also, as shown above, the increased
resting [Ca”"] in the presence of 10 mM [K*], is reversed
by repolarization. Correspondingly, Fig. 7D shows that
AP’s eliciting the transients in Fig. 7C do not differ sig-
nificantly, despite being recorded in the presence of dif-
ferent [K*] . Results presented in Fig. 7 were obtained
from a fiber that showed one of the largest depolarization-
induced potentiation of Ca*" release.

The effects of 10 mM K_ on Ca®* transients elicited by
repetitive stimulation are shown in Fig. 8. Panels A—C show
Ca”" release from the same fiber in control conditions
(=100 mV, 2.5 mM Kg'), after depolarizing the fiber to
—70 mV by current injection (2.5 mM K{), and in the
presence of 10 mM K[, respectively. The potentiating
effect of 10 mM K™ on Ca®" transient in response to single
stimulation was observed in all the transients along the
train (Fig. 8C). The potentiation was mimicked by depo-
larization to a similar resting membrane (Fig. 8B). The
first, the second and last Ca®" transients obtained in the
three conditions are compared in Fig. 8D-F in an expanded

3
Time (ms)

time scale. In this figure, it can be better seen that equiv-
alent Ca®" transients in panels E and F are similar to each
other, but larger and longer than equivalent transients
recorded in control conditions (panel D).

The APs recorded simultaneously with the Ca®* tran-
sients in Fig. 8A—C are shown in Fig. 8G-I. The trains of
APs recorded at —70 mV in the presence of 2.5 or
10 mM K/ are almost identical (Fig. 8H, I). In addition,
the APs along the trains do not change significantly as
evidenced by the enlarged records in Fig. 8J-L, which
compare the first, the second and the last AP of the train.
On the other hand, as shown in Fig. 8D-F, the amplitude
and duration of Ca®" transients change along the train.
Data in Fig. 8H, I and B, C demonstrate that potentiated
Ca®" transients in fibers depolarized by either raising
[K*], or by current injection are associated with smaller
APs of similar FDHM. Ca®" transients obtained from
fibers polarized at —100 mV and exposed to 10 mM K}
were similar to those in control conditions (not shown).
As seen for single stimulation, the results above indicate
that the effects of 10 mM K on Ca”" transients along
the train are dependent on fiber depolarization. Thus,
depolarization can be used to mimic the effect of raising
the [K*], up to 10 mM. The potentiation of Ca®* release
produced by raising [K*], to 10 mM is in apparent
contrast to the lack of effect of [K']  on tetanic force

o

(Renaud and Light 1992; Cairns et al. 1997).
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Fig. 8 Ca”" transients in response to repetitive stimulation in a fiber
exposed to 10 mM extracellular K™. A, B Ca®" transients obtained in
the presence of 2.5 mM K/ at —100 and —70 mV, respectively.
C Ca®" transients obtained in the presence of 10 mM K.
D-F Traces 1, 2 and 10 represents the first, second and last Ca +
transients in A—C, respectively. G-I AP trains eliciting the Ca®"

Ca®" transients in the presence of 15 mM
extracellular K*

Since the [K'] in the f-tubule lumen can reach higher
values than those measured in the plasma or tissue fluids
(Juel 1986), we measured the Ca?" release in fibers
equilibrated in Ringer containing 15 mM K. Unexpect-
edly, fibers exposed to 15 mM K depolarized to a similar
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transients in panels A—C, respectively. J-L Traces 1, 2 and 10 are the
APs triggering the Ca®" transients in D-F, respectively. APs are
shown in expanded time and voltage scales. Dashed lines in A-F
indicated the resting [Ca®"). Dashed lines in G-L represent the
resting and zero potential. Records were taken ~20 min after
changing solutions

membrane potential as fibers exposed to 10 mM K
(—68 & 1.8 mV; n = 4). Figure 9 compares Ca’" tran-
sients obtained in fibers exposed to 15 mM K (panels C
and F) with those obtained in the presence of 2.5 mM K
at —100 and —70 mV (panels A and D; and B and E;
respectively). Depolarization of the fibers to a value similar
to that observed in the presence of 15 mM K resulted in
potentiation of Ca®" transients in response to single (not
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shown) and repetitive stimulation at 100 Hz (Fig. 9B).
Nevertheless, in contrast to what was observed using
10 mM K, regardless of its depolarizing effect, no
potentiation was observed in the presence of 15 mM K.
Instead, Ca®t transients show a monotonic depression
along the train, and the depression manifests from the first
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pulse. By the end of the train (Fig. 9F) the amplitude of
Ca”" transient is about 25% that at the beginning of the
train. No alternating amplitudes are seen in this condition,
in contrast to that observed in fibers depolarized to
—60 mV. As expected, the depression effect of 15 mM
[K*], on Ca®" transients is also seen when fibers are
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Fig. 9 Depression of Ca’* transients in a fiber exposed to 15 mM
K!. A, B Trains of Ca”* transients obtained in the presence of
2.5 mM extracellular K* in a fiber polarized to —100 (A) and
—70 mV (B). C Ca>" transients obtained in the same fiber 20 min
after exposure to 15 mM extracellular K*. D-F First (1) and last (10)
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Time (ms)

Ca®" transients of trains in A—C, respectively, shown in an expanded
time scale. G-I Trains of APs eliciting the Ca®>" transients in A—C,
respectively. J-L First (/) and last APs in G-I shown in an expanded
time scale. Dashed lines in A-F indicate the resting [Ca®*). Dashed
lines in G-L indicate resting and zero potential
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stimulated by single pulses. With the caveat that ¢-tubules
have reached a steady state potential in the presence of
15 mM KO+ the data above indicate that depression cannot
result only from the depolarization per se, and suggest that
potassium ions at this concentration might have another
effect. The corresponding records of AP are shown in
Fig. 9G-L. The amplitude of the APs in 15 mM K[ is
slightly smaller than those in 2.5 mM Kj at —70 mV, and
is relatively constant from the second to the last AP along
the train. Thus the progressive depression of Ca*" tran-
sients does not correlate with the constancy of the ampli-
tude of the (surface membrane) APs. The FDHM of APs
recorded in the presence of 2.5 mM and 15 mM K are
similar (Fig. 9K, L). The depression of Ca’" transients
elicited by both single and tetanic stimulation seen in fibers
exposed to 15 mM K is in agreement with the depression
of both twitch an tetanic force produced by [K*]  higher
than 10 mM.

As seen in fibers exposed to 10 mM K the resting [Ca
was raised in fibers exposed to 15 mM K (Fig. 9C, F).

To further explore the mechanism underlying the
depression of Ca®" transients by 15 mM K}, fibers
exposed to this K concentration were repolarized by
current injection. Figure 10 show Ca®" transients elicited
by 10 pulses at 100 Hz in a fiber exposed initially to Ringer
(Fig. 10A), then exposed to 15 mM K and repolarized to
—100 mV (Fig. 10B, E), and finally re-exposed to Ringer.
Fiber repolarization reversed most changes in AP features
(Fig. 10H, K), as can be seen by comparing data in Fig. 91,
L (obtained from a fiber exposed to 15 mM K7) and
Fig. 10G and J (obtained in control conditions, 2.5 mM
K:, —100 mV). Nevertheless, the amplitude of the Ca%t
transients was not recovered after fiber repolarization
(Fig. 10B and E). To discard any deleterious effect during
the experimental manipulations, high potassium Ringer
was exchanged with normal Ringer. Under this condition,
Ca”" transients recovered its features in control conditions
(Fig. 10C, F). In the same way, the normal electrical
activity was recovered after returning to control conditions
(2.5 mM K, —100 mV). These last results demonstrate that
changes elicited by 15 mM K are fully reversible. Similar
results were obtained in 4 fibers.

2+]

Discussion

A number of factors have been implicated in the generation
of muscle fatigue in response to continuous high frequency
stimulation and interactions among them have been dem-
onstrated (for reviews see (Westerblad et al. 1991; Fitts
1996; Fitts and Balog 1996). The relative impact of
changes in the mechanisms underlying fatigue develop-
ment is expected to vary depending on the muscle type and

@ Springer

the pattern of activation (Allen, Lamb et al. 2008). In
addition, there are evidences suggesting that the effects of
some factors as measured ex vivo can be less important in
vivo (for a detailed discussion see Allen et al. 2008).

Here we have conducted an ex vivo study of the effects
of fiber depolarization and raised [K"]  on the Ca®" release
of fast skeletal muscle fibers elicited by single stimulation
and short high frequency trains of pulses. The aim of this
study was to test the K™ hypothesis for muscle fatigue
(Renaud and Light 1992; Cairns, Buller et al. 2003). Our
work extends previous ex vivo studies of the effects of
raising (K] on active force generation and provide new
insights on the possible mechanisms linking the extracel-
lular K* accumulation to changes in Ca®" release and
electrical excitability.

To test the possibility that the effects of extracellular K*
accumulation on force generation are mediated by mem-
brane depolarization (Renaud and Light 1992; Cairns et al.
2003), we independently studied the effects of rising [K*],
and depolarizing the membrane (at constant [K*] ) on the
Ca”" release of rested fibers and correlated those effects
with changes in AP generation. It is expected that changes
in force output during fatiguing stimulation should reflect,
at least in part, changes in Ca®>" release resulting from fiber
depolarization. As opposed to the case of intact muscles,
with this approach we could directly assess whether
membrane depolarization at constant [K*], can reproduce
the effects of changing [K'] , and whether the effects of
raised [K"], could be reversed by hyperpolarization.

Cut fibers loaded with low affinity Ca** dyes
as a model to study muscle fatigue

Our results demonstrate that stretched cut muscles fibers
mounted in an inverted two Vaseline gap chamber (DiFr-
anco et al. 1999; Quinonez and DiFranco 2000) can be
successfully used as an alternative model to study some
aspects of muscle fatigue which are not amenable to the
intact fiber model. The advantages and shortcomings of
several approaches used to study muscle fatigue (but not
cut muscle fibers) have been recently reviewed (Allen et al.
2008). Our method allows for the control of membrane
potential and the simultaneous recording of AP’s and Ca®"
transients in response to single or repetitive stimulation.
Although in this study fiber stimulation was restricted to
short trains, continuous or intermittent trains of stimuli
lasting for minutes can be used (data not shown, Quinonez
and DiFranco 2000). Since a low [EGTA] was used,
stretching the fiber segment in the central pool of the
experimental chamber to sarcomere lengths above 4 pm
was found essential to prevent artifacts in fluorescence
transients due to fiber shortening elicited by tetanic stim-
ulation. It should be noted that, the complete impediment
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Fig. 10 Effects of 15 mM K* on Ca®" transients cannot be reversed
by repolarization. A~C Ca”" transients elicited by trains of AP’s in
the same fiber maintained in control conditions (—100 mV,
2.5 mM K", A); after exposure to 15 mM K+ and subsequent
repolarization to —100 mV (B); and after returning to control
conditions (C). D-F First (/) and last (2) Ca®* transients in A—C,

of the formation of acto-myosin complexes should reduce
the formation of inorganic phosphate (Pi), a factor known
to reduce Ca®" release probably by precipitating Ca®"
inside the sarcoplasmic reticulum (Allen et al. 2008).
Another advantage of our preparation is that the con-
duction of surface APs is prevented; i.e. supra-threshold
current pulses are expected to elicit membrane action

Time (ms)

Time (ms)

respectively, presented in an expanded time scale. G-I Trains of AP’s
generating the Ca>" transients in A—C, respectively. J-L First (1) and
last (2) AP’s of the trains shown in G-I. Dashed lines in A-F indicate
the resting [Ca®*). Dashed lines in G-L indicate the resting and zero
potential

potentials at the surface membrane, while almost simulta-
neously APs are elicited at the outermost regions of the #-
tubules. As a consequence, changes in Ca’" transients
should result mostly from changes in #-tubule APs. Simi-
larly, conduction of surface APs is also prevented when
stimuli are applied through long electrodes placed parallel
to fibers or muscles (Cairns et al. 2007, 2009). As pointed
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out by these authors, in the absence of surface AP con-
duction, reductions of force generation mostly reflects
impairments of the #-tubule APs (Cairns et al. 2007, 2009).
By comparing fluorescence transients and Ca®" tran-
sients calculated from fluorescence transients recorded
from mechanically restrained fibers loaded with Rhod-2,
Fluo-3 and OGB-5N we also demonstrate the limitations of
high affinity dyes (i.e. Rhod-2 used here, and Fura-2, Indo-
1 used elsewhere (Westerblad and Allen 1993)) and the
superiority of low high affinity dyes (i.e. OGB-5N) to study
Ca”" release in skeletal muscle fibers (Baylor and Hol-
lingworth 2003). The fact that OGB-5N fluorescence
transients are kinetically similar to the underlying Ca®"
transients suggests that the reaction between Ca®" and
OGB-5N is close to equilibrium at any time during Ca®"
release. Thus, OGB-5N transients can be used to track
Ca”" release with high fidelity. On the other hand, the
kinetics limitations for Rhod-2 and Fluo-3 shown here are
expected to be exacerbated for dyes with smaller Ky such
as Fura-2 and Indo-1. As can be seen from most published
data, these dyes fail to faithfully track [Ca®*] changes in
response to every pulse during a high frequency train, and
report very small peak [Ca*"] changes (Westerblad and
Allen 1993; Baylor and Hollingworth 2003), regardless of
the fact that these dyes are ratiometric.
Effect of membrane potential on resting [Ca®"]
Membrane depolarization has been suggested as a main
factor leading to muscle fatigue. We found that membrane
depolarization affects both the resting [Ca®"] and the AP
elicited Ca®" transients. Our results extend previous works
showing that membrane depolarization leads to a raised
resting [Ca2+] (Lopez et al. 1983; Snowdowne 1985; Lee
et al. 1991). Using three calcium dyes of different K;’s we
found that myoplasmic resting [Ca®"] increases monoton-
ically in response to membrane depolarization in the range
of —100 to —55 mV. This effect was observed not only in
fibers depolarized by current injection but in fibers exposed
to raised [K*] . The fact that the depolarization-dependent
increase in resting [Ca®"] was independent of the Ca>* dye
used and could be reversed by repolarization to —100 mV
regardless of the method used to depolarized the fibers
demonstrates a genuine dependence of resting [Ca®*] on
membrane potential. In addition, previous results from
intact fibers discard the possibility that the phenomenon
observed here depended on the experimental model used
(i.e. intact vs. cut fibers). Nevertheless, different [Ca>"]
([Ca”], in Eq. 1) were calculated from Fluo-3 and OGB-
5N fluorescence data (Fig. 3C, F). This result may indicate
that the parameters assumed for each dye in Eq. 1 does not
faithfully reflect the behavior of the dyes in the myoplasm.
On the other hand, although the actual [Ca2+] calculated
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with Eq. 1 will depend on the value assumed for [Ca2+]rest,
changes in this parameter are not expected to explain the
differences in [Ca®*] calculated from Fluo-3 and OGB-5N
fluorescence data.

The mechanism underlying the voltage-dependent
increase of resting [Ca2+] does not seem to inactivate since
the changes were stable over periods of minutes. It may be
speculated that the increase in resting [Ca®"] between —80
and —55 mV may result from the asynchronous activation
of sarcoplasmic reticulum (SR) release units since depo-
larizations in this range are too low to activate sarcolemmal
L-type Ca®" channels. In partial support to this possibility,
it has been shown that spontaneous Ca®" release in frog
fibers increases with depolarization between —65 and
—60 mV (Hollingworth, Soeller et al. 2000).

The rise in resting [Ca®"] in response to steady depo-
larization is expected to impact AP elicited Ca®" transients
and thus force generation. Interestingly, a raised resting
[Ca®"] has been suggested as one of the possible mecha-
nisms underlying the potentiation of submaximal contrac-
tures at elevated [K*]  (Snowdowne 1985; Cairns et al.
1997). Although raised resting [Ca*"] will augment the
occupancy of Ca*" binding sites of the main myoplasmic
Ca*" binding proteins (e.g. troponin, parvalbumin, cal-
modulin, SERCA-1), thus contributing to the increased
amplitude of Ca®" transients; regulatory effects of
increased Ca®" can also be expected. The effects of
depolarization on the resting [Ca®"] may be of relevance to
unveil mechanisms linking changes of [K']| and force
generation.

(o]

Membrane depolarization has a dual effect on Ca®"
transients elicited by single stimulation

Among other changes, continuous stimulation of fibers at
high frequency leads to depression of force generation and
fiber depolarization (Lannergren and Westerblad 1986;
Allen et al. 2008). According to the K hypothesis, these
changes are mediated by extracellular K* accumulation
resulting from continuous electrical activity. Nevertheless,
in rested fibers, raising [K*]  produces differential effects
on twitch and tetanic force (Renaud and Light 1992;
Bouclin et al. 1995). Changes in [K*]  to about 10 mM
potentiates twitch force but is with no effect on tetanic
force. Changes above 10 mM result in depression of both
twitch and tetanic force.

Although it has been demonstrated that in vivo muscles
lose K* during continuous electrical activation and the
potassium efflux results in large increases of [K*] in the
interstitium and the blood concurrently with a reduction of
the [K™]; (for reviews see Allen et al. 2008; Kristensen and
Juel 2009), some mechanisms have been identified which
can act in vivo to reduce the effects of the potassium efflux
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(Allen et al. 2008). Nevertheless, the possible role of
changes in the K" trans-transmembrane gradient on the
generation of muscle fatigue in vivo has not been rule out,
but is still a matter of active debate (see for example:
Clausen and Nielsen 2008; Place 2008).

Here we describe for the first time that controlled
membrane depolarization by current injection has a dual
effect on Ca”" transients elicited by single stimulation.
Depolarization between —100 and —80 mV results in no
significant effects on Ca®" transients. Depolarization up to
—60 mV potentiates Ca”" release, while further depolar-
ization has a pronounced depression effect on Ca®" release.
This effect contrasts with the monotonic dependence of
resting [Ca®"] on membrane depolarization. Remarkably,
the potentiation effect is also seen along 100 Hz trains. To
our knowledge, our results represent the first direct evi-
dence that membrane depolarization in the absence of ionic
concentration changes potentiates Ca®" transients and
suggest that, among other mechanisms, it may result at
least partially from an increase in Ca”" release. In addition,
our results demonstrate that depolarization per se does not
necessarily should impair force generation. Between cer-
tain ranges of potentials depolarization may have a pro-
tective effect increasing in this way the safety factor
between AP and force generation.

The potentiation of Ca’" release by depolarization
mimics and, more importantly, can explain the mechanical
potentiation resulting from raising [K'], to 10 mM
(Holmberg and Waldeck 1980; Renaud and Light 1992;
Cairns et al. 1997). Although this possibility was previ-
ously suggested (Renaud and Light 1992) it had not been
directly demonstrated previously.

Calcium release potentiation is accompanied by an
increase of the resting [Ca®"] as already described. As
discussed above, the increase in resting [Ca®"] is expected
to increase the occupancy of the binding sites of the main
myoplasmic buffers, nevertheless, the increase in Ca®"
transient amplitude is always much larger than the increase
in resting [Ca®"]. This suggests that potentiation may not
be just a linear effect of raising [Ca®"], but to involve a
regulatory mechanism of the Ca”>" release itself. The fact
that potentiation is not associated with significant changes
in AP properties also gives support to this contention. In
this regard, as shown in Fig. 5D, the FDHM of the AP
between —100 and —70 is smaller than at —100, thus
ruling out that potentiation is due to prolongation of the
AP. Since Ca’" is known to modulate the Ca®" release
channels via a Ca’**-induced Ca®* release mechanism, a
possible link between depolarization and Ca’" release
potentiation may be the increase in the concentration of
resting free Ca”" itself.

The steep depression effect of membrane depolarization
on the amplitude of the Ca’" transients seems to be

correlated to the significant reduction of the overshoot of
the surface membrane APs (i.e. ~25 mV) observed at
membrane potentials between —60 and —55 mV. Assum-
ing that the APs propagating along the 7-tubules are similar
to those originating at the surface membrane, a reduced
Ca®" transient is expected. The above assumption seems
reasonable since at steady-state the potential of #-tubule
membranes should reach the same value as that of the
surface membrane and, to our knowledge, there is no evi-
dence that the inactivation process of sodium channels
present at the t-tubules and surface membranes is differ-
entially affected by depolarization. Nevertheless, as sug-
gested by data in Fig. 5D the effects of overshoot reduction
may be partially counteracted by the increase in the FDHM
of the APs found at this membrane potential range.

In addition, the depression of Ca”" release between —60
and —55 mV might result in part from the steady-state
voltage-dependent inactivation of the voltage sensor of the
ECC mechanism. The main components of charge move-
ment associated with the activation of the ECC voltage
sensor, namely Qg and Q,, has been shown to inactivate
with depolarization. Nevertheless, it should be noted that
the inactivation of Qg display a relatively weak dependence
on the holding membrane potential as to explain our data.
On the other hand, while Q, displays a steep voltage
dependent inactivation between —60 and —50 mV, which
is compatible with our data; there is evidence suggesting
that Q, is not the trigger but the result of Ca’" release
(Huang 1981, 1994; Rios et al. 1992; Prosser et al. 2009a,
b). Moreover, the fact that a fraction of Q, inactivates
between —70 and —60 mV (Huang 1994) is difficult to
reconcile with our data showing a peak potentiation of
Ca®" transients at —65 mV (Fig. 5A). Furthermore, the
finding that normal K* contractures can be obtained in
fibers fatigued by continuous high frequency stimulation,
and seemingly failing to generate normal APs (Cairns and
Dulhunty 1995) suggests that charge movement inactiva-
tion does not play an important role in the observed
depression of tension generation.

To our knowledge, the effect of membrane potential
(either using conditioning pulses or changing the holding
potentials) on Ca®" transients elicited by AP stimulation
has not been studied before, nevertheless, the voltage
dependence of the inactivation of the force generation
mechanism has been studied in voltage clamped fibers
(Caputo et al. 1979; Neuhaus et al. 1990) and in fibers
exposed to different [K*]  (Frankenhaeuser and Lanner-
gren 1967). Little inactivation of peak tension was found
for conditioning depolarization between —100 and
—50 mV, whereas a pronounced inactivation was found for
larger depolarization (Frankenhaeuser and Lannergren
1967; Neuhaus et al. 1990). These results seem to rule out
the possibility that the steep reduction of the Ca>" transient
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produced by depolarization between —60 and —55 mV
found by us resulted from the same mechanism underlying
the voltage-dependent inactivation of the force generation
found at more positive membrane potential. Moreover, in
contrast to our data, no potentiation effect was detected in
the above studies.

Effects of depolarization-dependent changes in AP
features on Ca’" release

Changes in the features of AP (amplitude, overshoot,
duration and mechanically active time) and the conduction
of APs along r-tubules are also expected to affect Ca®"
release. Unexpectedly, for membrane potentials between
—100 and —65 mV, Ca®* transients are potentiated while
both the AP amplitude and overshoot are highly reduced.
The maximum Ca®" transient potentiation is observed at
about —65 mV, while at this potential the overshoot of the
APs is reduced by ~15%. Potentiation is still observed
when the fibers are depolarized by ~40 mV and the
overshoot is reduced by >50%. This finding demonstrates
a large safety factor between AP amplitude and Ca®"
release.

Ca”’" release potentiation cannot be explained by
changes in AP duration, as described for type-B mechani-
cal potentiators. In fact, both the duration and the
mechanically active time decrease with depolarization
from —100 to —70 mV, while the overshoot remains
unaltered. For depolarization beyond —70 mV, the FWHM
increases. In this range of potentials, the prolongation of
the AP might compensate partially the effects of the
reduction of the AP overshoot. Nevertheless, while AP
prolongation is associated with muscle fatigue; it has been
shown that the increase of AP duration by itself does not
produce twitch potentiation in rested fibers (Yensen, Matar
et al. 2002).

The depolarization-dependent potentiation of Ca*"
release and its relative independence of the AP amplitude
and overshoot assure that muscle contraction can be sus-
tained despite the depolarization and alterations of the AP
resulting from high frequency stimulation.

Effects of depolarization on Ca®" release in response
to repetitive stimulation

As expected, the effects of depolarization on the Ca®"
release elicited by the first pulse of a train are identical to
those elicited by a single pulse, yet depolarization has
complex effects on the Ca”>" release along the trains.
Potentiation was observed in a narrower range of potentials
than that for single stimulation. Depression along the train
is observed at a membrane potential more negative than
that for single stimulation, and is associated with AP
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impairment. We showed that the amplitude of the Ca®"
transients elicited by the first pulse of 100 Hz trains applied
at —60 mV are potentiated (Fig. 6C, G), in agreement with
results obtained using single stimulation. Nevertheless, a
reduction in the amplitude of Ca®" transients elicited by
the 2nd to 10th pulses of 100 Hz trains was found. The
impairment in Ca*" transients after the first pulse can be
explained by the large reduction in the amplitude and
duration of the APs in response to the 2nd to 10th pulses, as
shown by the recordings in Fig. 6K and O. Several factors
may contribute to the marked depression of AP amplitude
from the 2nd to 10th pulses: a-reduced steady state avail-
ability of sodium channels, resulting from fast and slow
inactivation mechanisms; b-partial recovery from fast
inactivation during the inter-pulse interval, c-increased
shunting conductances (e.g. chloride conductance) at
depolarized potentials. The implication of this explanation,
based on direct measurements of changes in [Ca**] and
APs, is in agreement with recent mechanical data obtained
from mammalian skinned fibers stimulated with a two
pulse protocol (Dutka and Lamb 2007). From force mea-
surements, it was inferred that chronic depolarization (to an
estimated value of —63 mV) impairs the repriming of the
AP along a train of stimulation. Nevertheless, it is worth
noting that in this study depolarization induced by raising
the “intracellular” [K*] resulted in depression, not poten-
tiation, of tension elicited by electrical single stimulation.
This last result is at odds with our data and with previous
mechanical data from intact fibers, showing potentiation of
the Ca®" transients and twitch tension, respectively (Re-
naud and Light 1992; Cairns et al. 1997). This apparent
disagreement may result in part from the use of very dif-
ferent preparations.

Although the steady state dependence of charge move-
ment on membrane potential do not seem to readily explain
the dual effects of membrane depolarization on the
amplitude of Ca?" transients in response to single stimu-
lation, a reduction of charge availability along high fre-
quency trains may contribute to the reduction of Ca®"
transients observed from the second pulse of a train. It is
possible that due to the short inter pulse interval some
inactivation of the voltage sensor for the ECC mechanism
accumulates along trains. This problem deserves more
investigation, and can be addressed using cut fibers under
voltage clamp conditions.

It should be noted that, although failures of AP along a
train are associated with failures in Ca®* release, in some
cases APs with features similar to those elicited by single
stimulation evoke depressed Ca®" release as compared
with single stimulation.

Since ECC occurs at the triads, some concerns have
been raised relating to the relevance of changes in surface
membrane APs for the generation of muscle fatigue (Allen
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et al. 2008). Although our membrane potential recordings
reflect mainly changes at the surface membrane, it is dif-
ficult to conceive how steady conditions leading to the
generation of impaired AP at the surface membrane would,
at the same time, allow for the generation of less altered or
normal APs at the #-tubular membrane. On the contrary, it
is expected that steady membrane depolarization (or raised
[K*],) impairing APs at the surface membrane, would at
least affects similarly the #-tubular APs. In other words, our
electrical records represent the best case scenario for -
tubular AP impairment by steady depolarization or
increased [K*],. In this regards, it has been shown in vivo
that a reduced compound (surface) muscle AP is associated
with fatigue (Bigland-Ritchie et al. 1979). Also, in ex vivo
experiments demonstrating relatively small changes in
surface membrane APs, larger changes in the t-tubule APs
has been postulated to explain muscle fatigue (Balog et al.
1994).

Recent data obtained from whole muscles stimulated
through either transverse or parallel electrodes demonstrate
that when conduction of APs at the surface membrane is
prevented (i.e. using parallel electrodes) changes in force
generation are more directly related to changes in #-tubules
APs (Cairns et al. 2007; Cairns et al. 2009). Since the
stimulating conditions in our method is similar to that
prevailing when using parallel electrodes, it is expected
that the depression of Ca”" transients found by us reflect
mostly changes in #-tubules APs, not surface APs.

Overall, our results suggest a possible failure of z-tubule
conduction. In the absence of surface membrane AP con-
duction, it can be envisioned that depressed Ca’®" transients
recorded at depolarized potentials resulted mostly from the
synchronized activation of peripheral triads rather than
from random activation of #-tubules along the segment of
fibers in the experimental pool. This possibility is in
agreement with previous data showing that during fatigu-
ing stimulation there is a radial gradient of myofibril
activation, as well as a radial gradient of intracellular
[Ca”] (Bezanilla et al. 1972; Westerblad et al. 1990). A
combined use of confocal methods to measure localized
Ca®" release and potentiometric dyes to assess r-tubule
conduction should give more insight on the mechanisms
underlying Ca®" release potentiation and impairment pro-
duced by membrane depolarization (Quinonez and DiFr-
anco 2000; DiFranco et al. 2002; DiFranco et al. 2005).

The data on Ca®' transients recorded at different
membrane potentials in response to repetitive stimulation
cannot be readily compared with the effect of raised [K*],
on tetanic force. Nevertheless, tetanic force data show
small or no change between 2.5 and 9 mM (at pH = 7.2;
Renaud and Light 1992), while the depression of tetanic
force seen at higher [K*] correlates with the depression of
Ca”" release found here for larger depolarizations.

[K*], and Ca*" transients

The opposite changes in [K*]; and [K*], resulting from K™
fluxes during continuous activation are expected to result in
membrane depolarization, which has been proposed to
contribute to the generation of muscle fatigue. Neverthe-
less, contrary to expectations, exposing rested fibers to
10 mM K™ resulted in twitch potentiation, while no effect
on tetanic force was detected. The mechanisms underlying
this phenomenon are not known. Our work demonstrates
for the first time that AP elicited Ca®" transients are
potentiated when [K*]  is raised from 2.5 to 10 mM; and
that this effect can be mimicked by membrane depolar-
ization to a value similar to that observed in the presence of
the raised [K*] . More importantly we also demonstrated
that the effects of 10 mM [K*], on Ca®* transients and APs
can be reversed by membrane hyperpolarization. The
relationship between the amplitude of Ca®*" transients in
response to single stimulations and the dependence of
twitch force on [K*]  are remarkably similar. In conjunc-
tion these results strongly suggest that the twitch force
potentiating effect of 10 mM [K*]  can be explained by the
depolarization-dependent changes in Ca*" release.

The effects of 15 mM [K*]  are intriguing. On the first
hand, it is unclear why the depolarization found in fibers
exposed to 15 mM K™ is less than expected. One possible
explanation may rely on the use of constant [Cl ], and cut
fibers. In cut fibers, KCI movement expected when [K*] | is
increased at constant [Cl ], may be compensated by KCl
movements from the cut ends of the fibers, thus limiting
membrane potential changes. The large chloride conduc-
tance present in the 7-tubules of muscle fibers (Coonan and
Lamb 1998; DiFranco et al. 2009) may also contribute to
limit the membrane depolarization in response to raised
K],

On the other hand, the effects of 15 mM K on Ca**
transients are different to those produced by a depolariza-
tion to the same value measured in the presence of this
[K*] and could not be reversed by current injection. This
result suggests that K* ions may have an additional (direct)
effect on the ECC mechanism. One possible target of K™
action may be the K" inward rectifier. Several lines of
evidence give some support to this possibility. The con-
ductance of this channel increases with [K*]  (Leech and
Stanfield 1981), the space constant of the #-tubules is
smaller the higher the inward potassium conductance
(Schneider and Chandler 1976), and the higher the inward
potassium conductance the more attenuated the propaga-
tion along the r-tubules (Heiny et al. 1983). This intriguing
effect of 15 mM K has not been reported before. If
confirmed by others, it would reveal a new role for the
inward potassium conductance, the main muscle potassium
conductance at rest.
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Further directions

The present work highlights the significance of using cut
fibers to study possible factors involved in high frequency
fatigue in isolation as an approach to unveil the mecha-
nisms underlying this phenomenon. It also points towards
the need of characterizing the z-tubule APs and localized
Ca®* release during high frequency stimulation. As dem-
onstrated here, the use of current and voltage clamp
methods as an alternative to approaches based on field
stimulation and membrane potential recording would allow
studying independently the impact of changes in ion con-
centration, membrane potential, charge movement and the
features of AP in the generation of muscle fatigue, while
preventing the interplay among those factors. For example,
the use of voltage clamp paradigms would allow stimu-
lating the fibers with trains of short voltage pulses or
simulated action potentials of constant amplitude and
duration while the membrane potential is changed.
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