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ABSTRACT The steady state relation between cytoplasmic Ca?* concentration ([Ca®*];) and force was studied in
intact skeletal muscle fibers of frogs. Intact twitch fibers were injected with the dextran-conjugated Ca®* indicator,
fura dextran, and the fluorescence signals of fura dextran were converted to [Ca®"]; using calibration parameters
previously estimated in permeabilized muscle fibers (Konishi and Watanabe. 1995. J. Gen. Physiol. 106:1123-1150).
In the first series of experiments, [Ca?*]; and isometric force were simultaneously measured during high K* depo-
larization. Slow changes in [Ca?*]; and force induced by 15-30 mM K* appeared to be in equilibrium, as instanta-
neous [Ca?*]; versus force plot tracked the common path in the rising and relaxation phases of K™ contractures.
In the second series of experiments, 2,5-di-tertbutylhydroquinone (TBQ), an inhibitor of the sarcoplasmic reticu-
lum Ca?* pump, was used to decrease the rate of decline of [Ca?*]; after tetanic stimulation. The decay time
courses of both [Ca?*]; and force were dose-dependently slowed by TBQ up to 5 wM; the instantaneous [Ca?* ]~
force relations were nearly identical at =1 pM TBQ), suggesting that the change in [Ca?"]; was slow enough to
reach equilibrium with force. The [Ca?*]—force data obtained from the two types of experiments were consistent
with the Hill curve using a Hill coefficient of 3.2-3.9 and [Ca?"]; for half activation (Ca,) of 1.5-1.7 pM. However,
if fura dextran reacts with Ca?* with a 2.5-fold greater K, as previously estimated from the kinetic fitting (Konishi
and Watanabe. 1995. J. Gen. Physiol. 106:1123-1150), Cay, would be 3.7-4.2 uM. We also studied the [Ca?*]-force
relation in skinned fibers under similar experimental conditions. The average Hill coefficient and Cas, were esti-
mated to be 3.3 and 1.8 pM, respectively. Although uncertainties remain about the precise levels of [Ca?*];, we
conclude that the steady state force is a 3rd to 4th power function of [Ca®"];, and Cay is in the low micromolar
range in intact frog muscle fibers, which is in reasonable agreement with results obtained from skinned fibers.
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INTRODUCTION

In skeletal muscle, an increase in cytoplasmic free Ca?*
concentration ([Ca2"];)! initiates muscle contraction to
generate force. The steady state relation between the
free Ca?" concentration ([Ca?"]) and force has been
extensively studied with skinned fibers in which the cell
membrane is removed either mechanically or chemi-
cally (Natori, 1954; Endo and Iino, 1980), allowing di-
rect control of [Ca?*] in the myofibrillar space. A disad-
vantage of skinned fibers, however, is that myofibrils
are exposed to an artificial environment; the lack of ac-
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curate information on cytoplasmic constituents makes
it difficult to design bathing solutions for skinned fi-
bers that mimic concentrations of all ions and other
constituents found in the cytoplasm of intact muscle fi-
bers. Thus, some quantitative aspects of the [Ca%"]-
force relation obtained from skinned fibers may not be
valid in intact muscle fibers.

A recent study with intact skeletal muscle fibers of
frogs reported a very steep [Ca%"]—force relation (Mor-
gan et al., 1997); a small increase in [Ca®"]; of 17-32%
(i.e., decrease in pCa of 0.07-0.12) could increase the
generated force level from 10 to 90% of maximum
force. From the fitted Hill curve, they obtained a Hill
coefficient (the slope factor) of 15-25, which is much
higher than the 2-5 range generally reported with
skinned fibers (e.g., Godt and Lindley, 1982; Stephen-
son and Williams, 1985; Maughan et al., 1995). Hill co-
efficients of 15-25 are also much higher than other es-
timates in intact skeletal muscle fibers either from mice
(5.1; Westerblad and Allen, 1993) or from Xenopus (4.1;
Westerblad et al., 1997). In intact cardiac trabeculae,
Hill coefficients of 4-6 were found using tetanized
preparations (Yue et al., 1986; Okazaki et al., 1990; Gao
et al.,, 1994), and the Hill coefficient was significantly
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decreased after skinning the intact preparations (Gao
etal., 1994).

Because estimation of the [Ca?"],—force relation in
intact preparations generally relies on measurement of
[Ca%"]; with optical indicators, accurate calibration of
the indicator signals in terms of [Ca?*]; is critical. It
has been recognized that Ca’?* indicator molecules are
bound to cellular constituents within the cytoplasm,
and this binding alters both spectral and Ca** binding
properties of the indicators (Beeler et al., 1980; Kon-
ishi et al., 1988; Kurebayashi et al., 1993; Baker et al.,
1994). The methodological difficulties in calibrating in-
dicator signals introduces significant uncertainty about
the estimated levels of [Ca?'];, and consequently the
[Ca%*];—force relation. Despite differences in muscle
type and in animal species, large discrepancies in the
estimates of the Hill coefficients may be related to cali-
bration difficulties.

To resolve this important uncertainty about the
steady state relation between [Ca?"]; and force in intact
muscle fibers, we used fura dextran, fura-2 conjugated
to high molecular weight dextran (mol wt = 10,000),
to monitor [Ca?"];. Calibration parameters estimated
in the fiber interior were used to convert the indicator
fluorescence ratio signals to [Ca?*];, as previously de-
scribed (Konishi and Watanabe, 1995). The steady state
[Ca%*]—force relation was constructed by plotting slowly
changing [Ca?*]; versus isometric force simultaneously
measured during K* contractures and during the relax-
ation phase of tetani with inhibited sarcoplasmic reticu-
lum (SR). We also constructed conventional [Ca®"]—force
relation in skinned fibers with many experimental con-
ditions matched to those of intact fiber experiments.
The results obtained from intact fibers using two differ-
ent protocols and from skinned fibers with a conven-
tional method are compared.

METHODS

Intact Muscle Fibers

Single muscle fibers dissected from the anterior tibialis muscle of
Rana temporaria were mounted in the narrow trough (3 mm
width, 3 mm depth, and 50 mm length) of the experimental
chamber, and perfused with a continuous flow of normal
Ringer’s solution. The fiber was stretched to sarcomere length of
2.6-2.8 wm between a fixed hook and the arm of a force trans-
ducer (BG-10; Kulite Semiconductor Products, Inc., Leonia, NJ)
via small tungsten hooks tied with silk thread to the tendon ends.
Sarcomere length of the resting fiber was measured from the first
order laser diffraction lines (He/Ne, 5 mW; NEC Corp., Tokyo,
Japan), and occasionally checked during the course of the exper-
iments. Even with fixed tendon ends, sarcomeres are somewhat
shortened as the force increases and extends the tendons (Hux-
ley and Simmons, 1970). To decrease extra end compliance, and
to reduce the movement artifact during fiber activity in the fluo-
rescence records, the fiber was moderately stretched to a resting
sarcomere length of 2.6-2.8 wm. Further stretch to longer sar-
comeres (>3 wm), on the other hand, causes inhomogeneity of

the sarcomeres within the fiber (Huxley and Peachy, 1961), and
makes the meaningful comparison between the indicator fluores-
cence signal and force difficult; fluorescence signals are mea-
sured in the middle of the fiber, where sarcomeres are longer
and generate less force than those near the tendon ends.

The fibers were electrically stimulated by a 0.5-ms pulse of
1.5X threshold through a pair of platinum-black electrodes run-
ning parallel to the whole length of the fiber. The fiber condition
was occasionally checked during the experiments by applying a
tetanic stimulation (50 Hz for 1 s or 100 Hz for 0.5 s); the experi-
ment was terminated if the fiber did not show sustained plateau
tension. The temperature of the perfusing solutions was moni-
tored and setat 17.0 = 0.5°C.

The normal Ringer’s solution contained (mM): 115 NaCl, 2.5
K(l, 1.8 CaCly, and 5 MOPS, pH 7.15 (17°C). To raise extracellu-
lar K* concentration ([K*],) to 15-100 mM, high K* solutions of
constant [K*] X [CI7] product (303 mM?) were prepared by
equimolar substitution of NaCl with K-methanesulfonate and Na-
methanesulfonate (see Luttgau and Spiecker, 1979). 2,5-di-tertbutyl-
hydroquinone or 2,5-di(tertbutyl)-1,4-benzohydroquinone (TBQ)
obtained from Tokyo Kasei Organic Chemicals (Tokyo, Japan)
was dissolved in normal Ringer’s solution from a 100-mM stock
solution in DMSO. Tetrodotoxin was from Sankyo Co. Ltd. (To-
kyo, Japan). The same lot of fura dextran (potassium salt; 1.0
dye/molecule; mol wt = 10,000) as used in a previous study
(Konishi and Watanabe, 1995) was purchased from Molecular
Probes, Inc. (lot 2921; Eugene, OR) and used throughout the study.

Fluorescence Recording Procedures

The apparatus and methods for fluorescence measurements have
been described previously (Konishi et al., 1993; Konishi and Wa-
tanabe, 1995). Briefly, two excitation light beams of different
wavelengths were switched at 100 Hz-1 kHz (f,), and the emitted
fluorescence at 500 nm (40 nm FWHM) was sampled at 20 Hz-1
kHz (f;) with an eight-pole Bessel low-pass filter at 20 Hz-2 kHz
(f.). For the long time-base recordings (~200 s, high K* expo-
sure), f., f;, and f. were set to 100, 20, and 20 Hz, respectively.
Low-pass filtering at 20 Hz should little distort the slow fluores-
cence signals induced by K* =30 mM with time to half peak ~3 s
or longer (see Fig. 2), which were primarily analyzed in the
present study. For the recordings during normal tetani, on the
other hand, the f,, f,, and f. were 1 kHz, 1 kHz, and 500 Hz, re-
spectively. When the time course of tetani was prolonged by inhi-
bition of the SR Ca?* pump, f; was reduced to 500-200 Hz to ex-
tend the sampling period up to 50 s.

For the excitation wavelengths (5 nm FWHM), we chose 360
nm (an isosbestic wavelength for Ca?*) and 382 nm (the wave-
length at which the fluorescence change by Ca%" is maximal)
(Konishi and Watanabe, 1995). The ratio of the fluorescence in-
tensities excited at 382 nm [F(382)] and 360 nm [F(360)] was
converted to [Ca?"];. Slow drift of the optical instruments (e.g.,
aging of the lamp) was seen during the course of the study, and
was corrected by occasional measurement of the fluorescence ra-
tio signal (R) in the Ca?*-free calibration solution (below) as a
standard; all measured values of R were normalized to the stan-
dard R value taken with the identical optics. In calibration solu-
tions, the normalized R value lies between 1.0 (Ca®>" free) and
0.08 (Ca2* bound).

In Vitro Fluorescence Measurements

Effects of TBQ on fura dextran were examined in quartz capillar-
ies (i.d. = 150 pm; Vitro Dynamics Inc., Rockaway, NJ) filled with
buffer solutions containing 25 wM fura dextran. The capillaries
were placed in the muscle chamber, and the fluorescence R was
measured at five different [Ca®>*]’s between 0 and 47 pM. The
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buffer solution contained 0-10 mM CaCl,, 10 mM EGTA, 1 mM
free Mg?*, and 20 mM PIPES (pH 7.0); ionic strength was ad-
justed to 0.15 M by K-methanesulfonate. In the calculation of
free concentrations of Ca?" and Mg?", the apparent dissociation
constants of EGTA for Ca®" and Mg?* were assumed to be 0.41
puM and 47 mM, respectively, based on the equilibrium constants
given by Martell and Smith (1974). TBQ (5 pM) did not cause a
significant change in R at any given [Ca%*] level, nor in the esti-
mated Ca?*t dissociation constant of fura dextran (which was 0.54
and 0.55 uM in the absence and presence of TBQ), respectively).

In Vivo Fluorescence Measurements

At the beginning of each experiment, the background fluores-
cence was measured from the fiber in the absence of indicator.
Fura dextran was dissolved in the buffer solution (100 mM KCl, 2
mM PIPES, pH 7.0) at a concentration of 5 mM, and was pressure
injected into the muscle fiber. Diffusion of fura dextran along
the fiber axis was allowed for at least 30 min after injection, be-
fore the first fluorescence measurement. The indicator fluores-
cence in the cytoplasm was calculated, at each wavelength, by
subtraction of the background fluorescence from the total fluo-
rescence intensity measured in the same portion of the muscle fi-
ber. Spatially averaged fura dextran concentration in the cyto-
plasm was estimated, as previously described (Konishi and Wa-
tanabe, 1995), from the F(360) measured in the fiber, and was at
most 91 pM in the 22 fibers used in the present study. It has been
shown that [Ca%*]; at rest and during activity was not altered by
the Ca®* buffering with an indicator concentration of ~100 uM
or lower (Konishi and Watanabe, 1995).

Since 360 nm is an isosbestic wavelength of fura dextran for
Ca?*, any change in F(360) during muscle activity may be attrib-
uted to fiber movement. Although the moderate stretching of
the fiber helped to reduce the fiber movement, there often
remained significant movement artifact in the fluorescence
records. Large fiber movement might move the fiber out of fo-
cus, and might distort the Ca®"-related fluorescence signal, even
though the fluorescence ratio was employed. We therefore did
not include the data in the analysis, if the change in F(360) was
greater than 10% of the resting level (see legend to Fig. 3).

In the absence of any distortion due to fiber movement, the
fluorescence ratio signal should lie between R and R;, the R at 0
[Ca?*]; and saturating [Ca®'];, respectively, and should be lin-
early related to the Ca?*-bound fraction of the indicator (fg,p):

Jean = (R=Rg)/ (Ry=Rp). (1)

Jeap can then be converted to [Ca?*]; with an equation of the form:

dfcan” AL+ foup LK
Ca?t]. = ———— - — 2
[ I (1 fewn) Kiq @

where K, and K_; denote the indicator’s association and dissoci-
ation rate constants, respectively, for Ca?*. K, is defined as K_,/
K. ;. In the steady state, Eq. 2 can be simplified to yield the stan-
dard equation:

[Ca2'], = Kd—lj_%;‘f’ . (3)
CaD

In most of the present study, Eq. 3 was used, assuming that the
kinetics of Ca?*-fura dextran reaction were fast enough to follow
changes of [Ca®']; to be analyzed. For the three calibration pa-
rameters (Ry, R;, and Kj), values previously estimated in perme-

abilized muscle fibers were used; R, = 1.105, R; = 0.106 (1.105 X
0.096), and K; = 1.0 pM (Konishi and Watanabe, 1995). In some
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analyses, however, kinetic correction was included based on Eq.
2; K_; was assumed to be 80 s~, an average value estimated in the
previous study (Konishi and Watanabe, 1995). K, ; was set to 8 X
107 M~! s7! to be consistent with K; (K_;/K ,;) of 1.0 uM
(above). Note that the waveform of calculated [Ca%"]; depends
only on K ;; K,; determines the amplitude as a scaling factor
(see Eq. 2).

To estimate the upper detection limit of [Ca%']; in intact fi-
bers, two experiments were carried out on a highly stretched fi-
ber (resting sarcomere length 3.8 wm) stimulated by a train of ac-
tion potentials in the presence of 10 uM TBQ, an inhibitor of SR
Ca?" pump (Fig. 1). Because these fibers were well immobilized,
movement artifact on the R signal, if any, was considered to be
minor. In the fiber shown in Fig. 1 and the other fiber, tetanic
stimulation (67 or 50 Hz) in the presence of 10 uM TBQ caused
a large decrease in R to, on average, 0.152. This R value, if cali-
brated as described above, corresponds to the indicator’s Ca®*-
bound fraction of 0.954 or 20.7 uM [Ca?*]; (4.68 in pCa unit). It
is therefore suggested that the indicator R signal does not sensi-
tively reflect [Ca?*];, if [Ca®*]; level approaches this level. Note
that the most important part of the pCa—force relation presented
in RESULTS lies in pCa 5-6, within the sensitive range of the indi-
cator.

Experimental Protocol

Two experimental maneuvers were employed to induce slow
changes in [Ca?*]; and force.

(@) Depolarization by high [K*], Solutions of constant [K*] X
[Cl~] product were exchanged with relatively fast flow; the veloc-
ity in the trough was 3-9 cm/s. Before each application of high
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FiGure 1. Fura dextran fluorescence and force records during

high frequency stimulation in the presence of 10 pM TBQ. The
muscle fiber was incubated in Ringer’s solution containing 10 uM
TBQ for 25 min. Fluorescence changes (AF) with excitation at 360
and 382 nm (first and second traces) were normalized to the resting
fluorescence level (F) at each wavelength, and are displayed as
fractional changes (AF/F). The third trace is the fluorescence ra-
tio R, and the fourth trace shows tetanic force. The bottom trace
shows 50 stimuli (width 500 ws, interval 15 ms). Fiber, 112793f2;
resting sarcomere length, 3.8 wm; indicator concentration, 91 pM.



K* solution, the fiber was pretreated with 3 uM tetrodotoxin (in
the normal Ringer’s solution) for 2 min; inhibition of action po-
tential generation was indicated by lack of twitch in response to
single electrical stimulation. High [K*], applications were sepa-
rated by a recovery period of at least 25 min, during which the fi-
ber was perfused with normal Ringer’s solution to completely re-
store the resting levels of [Ca?*];.

(b) Tetani in the presence of TBQ. [Ca®*]; and force were re-
corded with high frequency stimulation (100 Hz for 0.5 s) in the
absence and presence of 0.2-5 uM TBQ. In each run, the fiber
was kept in the resting state during a 10-min treatment with TBQ
before the tetanic stimulation. After recording fluorescence and
force with the tetanic stimulation, the fiber was perfused with
normal Ringer’s solution for 5-15 min before a new run was
started. Experiments began with a control tetanus in the absence
of TBQ, and TBQ concentration was gradually increased for the
following runs. At the end of some experiments (7 of 11 fibers),
the fiber was thoroughly washed with the normal Ringer’s solu-
tion for 30-60 min, and a tetanus was induced in the absence
of TBQ.

Skinned Fiber Experiments

Single fibers (also isolated from the anterior tibialis muscle of
Rana temporaria) were treated with 1% triton X-100 in the relax-
ing solution (below) for 30 min to remove the cell membrane
and membranes of intracellular organelles (e.g., SR and mito-
chondria). One end of the skinned segment (several millimeters
in length) was tied with a silk monofilament to a tension trans-
ducer (BG-10; Kulite Semiconductor Products) and the other
end was tied to a fixed hook. Resting sarcomere length was ini-
tially set to 2.7-2.8 pm by observation of the first order laser dif-
fraction lines. The apparatus for force measurements in skinned
fibers has been described previously (Horiuti et al., 1988). A plas-
tic plate with 15 wells (0.5 ml in volume) was used. The fiber was
soaked in one of the solutions in the wells with continuous stir-
ring. The solution surrounding the fiber was quickly changed by
the sliding motion of the plate, which transferred the fiber be-
tween wells. Temperature of solutions in the wells was kept at 16—
18°C by a thermobath attached underneath the plate.

All the solutions for skinned fiber experiments contained in
common (mM) 1.0 free Mg?*, 4.0 MgATP, 10.0 creatine phos-
phate, 10.0 EGTA, 10.0 PIPES, pH 7.0 by KOH. Solutions of vari-
ous [Ca®*]’s were prepared by mixing a solution containing 10
mM EGTA with no Ca?* (relaxing solution) and a solution con-
taining 10 mM EGTA plus 10 mM Ca?*. Solution [Ca®*] in the
present experimental condition (pH 7.0, 17°C) was calculated by
solving simultaneous equations using the equilibrium constants
listed by Martell and Smith (1974), as previously described (Hori-
uti et al., 1988; Konishi and Watanabe, 1995; also see above for
the apparent dissociation constants of EGTA). K-methane-
sulfonate was added to maintain the ionic strength at 0.15 M. Leu-
peptin (10 wM; Sigma Chemical Co., St. Louis, MO) was also
included to inhibit Ca?*-activated proteases. EGTA (Nakalai
Tesque Inc., Kyoto, Japan), Ca-methanesulfonate (Tokyo Kasei
Organic Chemicals), Na,ATP (Boehringer Mannheim GmbH,
Mannheim, Germany), and creatine phosphate (disodium salt or
dipotassium salt; Sigma Chemical Co.) were of the highest analyt-
ical grade. No obvious difference in the pCa—force relation was
observed by the choice of disodium salt or dipotassium salt of cre-
atine phosphate.

The fiber was activated by sequential changes of solutions with
various [Ca?*] from 0.32 pM (pCa 6.5) to 40 pM (pCa 4.4), and
was then allowed to relax in the relaxing solution. To compen-
sate for fiber deterioration (decrease in force), the pCa run was
repeated three times with ~15-min intervals in each fiber.

Data Processing and Analysis

Records of [Ca?*]; and force obtained from intact fibers were
smoothed with quadratic polynomial curve fitting to 15 points (a
central point and 7 points on both sides) to reduce noise. This
smoothing did not affect the general time course of either
[Ca?*]; or force during K* contractures and tetani, but slightly
distorted [Ca?*]; transients during twitches; with 1-kHz sampling,
the peak amplitude was reduced by ~10% and time to peak was
prolonged by ~2 ms.

Nonlinear least-squares fitting analysis was carried out with a
program that uses Gauss-Newton algorithm. The [Ca?*]-force
data obtained in either intact or skinned fibers were fitted with a
Hill equation:

[Ca2+] N

Force = Force N
CagN + [Ca2*] N

max

(4)

where Force_,, and Cag, denote, respectively, maximum force
and [Ca®*] that gives half maximal force. N (Hill coefficient) is a
measure of the slope.

Results obtained from more than two repeated experiments are
reported as means = SEM. Statistical significance was tested us-
ing the two-tailed ¢ test, with the significance level set at P << 0.05.

RESULTS

Fluorescence and Force Measurements with Increased [K* ],

The average level of resting [Ca%"]; measured at nor-
mal [K*], (2.5 mM) was 0.060 £ 0.003 uM (n = 22) in
the present study, which was similar to the previously
reported value (0.055 uM; Konishi and Watanabe,
1995). The increase in [K*], from 2.5 to 10 mM caused
a slight but significant increase in [Ca?*]; to 0.070 =
0.002 pM (n = 7; paired ¢ test) without detectable force
generation. A further increase in [K*], to 15 mM
caused a much larger increase in [Ca?']; to 0.268 =*
0.077 uM (n = 8) (see Fig. 2 A). At 15 mM [K*],, force
generation was not generally observed except for one
fiber, in which a large increase in [Ca?*]; to 0.77 pM
was accompanied by development of a small force
(~2% of tetanic force). The threshold for the force
generation appeared to be 15-20 mM [K*],, because
all fibers tested showed clear active force (5—-60% of te-
tanic force) at 20 mM [K*], with [Ca?*]; levels raised to
0.74-2.02 pM (n = 9).

Fig. 2 shows an example of the experiment in which
[Ca?"]; and force measurements were repeated at vari-
ous [K*], (10-100 mM) in a single fiber (results at 10
mM [K*], are not shown). In this fiber, 15 mM [K*],
caused a slow and slight decrease of the fluorescence R
signal (i.e., increase of [Ca?'];) without detectable
force (Fig. 2 A). The slight decrease in F(360) could be
attributed to photobleaching of the indicator due to
prolonged illumination. Changes in the fluorescence R
signal and force were clearly observed at 20 mM [K*],
(Fig. 2 B), and were further enhanced at 30 (C) and
100 (D) mM [K*],. At 100 mM [K*],, development of a
large force introduced significant movement artifact in
the F(360) record (Fig. 2 D, arrow); we could not reliably
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corded during exposure to high
K* (A-D) or 50 Hz tetanic stimula-
tion (and F). In A-F; the top two
traces are the fractional changes
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length (AF/F). The third trace is
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from a fiber. Fiber, 050694f1; rest-
ing sarcomere length, 2.7-2.8 pum;
41-17 pM indicator. For pro-
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measure the fluorescence signals [AF(360)/F(360) =
0.1, see METHODS] in any of three fibers tested at 100
mM [K*],. Fiber movement was often a problem even
at 30 mM [K*],. In Fig. 2 C, a relatively large movement
artifact [downward change in AF(360) /F(360) ] was ob-
served ~v14 s after application of 30 mM [K*]; only the
earlier part of these fluorescence signals were analyzed.
During the K* contracture experiment, occasional
application of a tetanic stimulation (50 Hz for 1 s) pro-
duced a nearly complete fusion of force to form a pla-
teau in the present experimental conditions (Fig. 2, E
and F). Because [Ca?*]; and force are thought to be in
equilibrium in the plateau phase, additional informa-
tion on the steady state relation between [Ca?*]; and
force could be obtained; the records of fluorescence R
and force in the plateau phase were analyzed in the fol-
lowing sections. After the end of tetanic stimulation,
rapid return of the fluorescence R was followed by a
slower fall in force. We occasionally observed a “bump”
in the return phase of the fluorescence R (see Fig. 2, E
and F). This bump may reflect the secondary rise of
[Ca%*];, which has been reported with other indicators
(Cannell, 1986; Lee et al., 1991; Caputo et al., 1994), al-
though it could also be attributed to a small correction
error for the fiber movement. We did not further study
the bump in the present study.
The fluorescence R and force during tetani were
very similar at the beginning (Fig. 2 E), in the middle
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0.4% change in the standard R.
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(not shown), and at the end (Fig. 2 F) of the high K*
runs (Fig. 2, A-D). Resting [Ca®*]; was also unchanged;
0.059 uM at the beginning (Fig. 2 E) and 0.058 wM at
the end (Fig. 2 F) of the experiment. Thus, the fiber
conditions appeared to be well maintained throughout
the experiment.

[Ca?* | —Force Relation during K* Contractures

Fig. 3 A plots peak [Ca?*]-peak force data obtained, as
described above, from the experiment shown in Fig. 2.
The left-most point on the pCa axis (a point at the low-
est [Ca?"];) was obtained in the resting state at normal
[K*],, and the right-most three points with the largest
relative force were obtained during plateau of tetani.
The “steady state” [Ca?*];(pCa)—force relation was de-
scribed by the Hill curve; a solid line was obtained by
least-squares fitting of the filled symbols with parame-
ters shown in Fig. 3 A. A similar analysis was carried out
for the three other fibers; in four fibers, parameters for
the best-fitted Hill curve were N = 3.92 = 0.37, Ca;, =
1.69 £ 0.10 pM and Force,,, = 1.014 = 0.011 (Table I).

Because only a limited number of data points could
be obtained from single fibers, the results from eight fi-
bers were collected and plotted in Fig. 3 B. Fig. 3 B
shows that these collected data are also reasonably well
fitted by the Hill curve with parameters similar to those
for individual fibers (Table I).
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FIGURE 3. The relation between peak [Ca®*]; (in pCa units) and peak force during high K* contractures and tetani. (A) Data obtained
from a fiber shown in Fig. 2. Two data points that are not shown in Fig. 2 and a point obtained at normal [K*], are also included. (B)
Pooled data from eight fibers. Each symbol type represents an individual fiber. In A and B, peak force levels during high K* contractures
have been normalized to the peak tetanic force in each fiber. (If more than one record of tetanus were available, the average value was set
to 1.0.) Filled symbols represent data points that satisfied our criteria for acceptable movement artifact on the fluorescence records
[AF(360)/F(360) = 0.1]. Open symbols are data with larger movement artifact [AF(360) /F(360) > 0.1] and are not included in the anal-
ysis. Data points are not plotted, if AF(360)/F(360) > 0.2. Solid lines represent Hill curves drawn by least-squares fitting to the filled
symbols with parameters shown in the panels. Fiber ID, resting sarcomere length, and indicator concentration were as follows: (@, O)
fiber 050694f1, 2.7-2.8 wm, 41-17 uM; (V) fiber 020194f1, 2.8 wm, 27-15 pM; (P4, ><]) fiber 021294f1, 2.6 wm, 31-19 pM; (®, ) fiber
05029411, 2.7-2.8 um, 68-35 uM; (A, A) fiber 0502942, 2.7-2.8 pm, 42-24 pM; (B, O) fiber 050694f2, 2.7 wm, 51-26 wM; (%, ¥) fiber

0514942, 2.6 wm, 12-7 uM; (1,Y) fiber 051894f1, 2.6-2.7 pm, 30-16 M.

The analysis in Fig. 3 assumes that [Ca?*]; and force
are in dynamic equilibrium during slow activation by
10-30 mM [K*],, as well as during the plateau phase of
tetani. If this is the case, the [Ca%*]; versus force plot at
any times other than that of the peak values should fol-
low the peak relation described above. Each panel of
Fig. 4 compares the steady state [Ca®*];—force relation
(symbols and solid curve) and instantaneous [Ca®*]; ver-
sus force plot during K* contractures and plateau of
tetani (dotted lines) in four fibers. It is clearly seen in

TABLE I

Hill Parameters Estimated in Frog Muscle Fibers (Resting Sarcomere
Length 2.6-2.8 um, 16-18°C)

Type of preparations/measurements N Cas

uwM
Intact fibers
K* contractures
Individual fibers (n = 4) 3.92 (= 0.37) 1.69 (= 0.10)
Pooled data from eight fibers 3.21 1.66
Tetani with 2 uM TBQ (n = 10) 3.41 (= 0.15) 1.48 (* 0.04)
Skinned fibers (n = 6) 3.25 (% 0.64) 1.81 (%= 0.25)

Hill parameters, N and Cas,, were estimated based on least-squares fit of
Eq. 4 to data obtained from the experiments shown at left. Each entry
gives mean = SEM from n muscle fibers, except for values from pooled
data.

each panel that dotted lines do approximately follow
the steady state curve during both the rising and the
declining phases of K* contracture force. Instanta-
neous plots during plateau of tetani fluctuate around
the peaks because of nearly constant levels of [Ca%*];
and force. Thus, the results shown in Figs. 3 and 4 ap-
pear to reflect the steady state relation between [Ca?*];
and force.

Effects of TBQ on [Ca®* |; and Force

As another way of producing slow changes in [Ca%*];,
we used TBQ to inhibit SR Ca%** ATPase (Westerblad
and Allen, 1994). Fig. 5 shows effects of TBQ (0.2-2
wM) on [Ca?"]; and force stimulated by a high fre-
quency train (100 Hz, 0.5 s). TBQ dose-dependently
enhanced peak [Ca%*]; without causing much increase
in the tetanic force, suggesting that force was nearly sat-
urated at the [Ca?*]; level achieved during tetanus in
the absence of the drug (see also Figs. 3 and 4). TBQ
also markedly prolonged the decay of [Ca?*]; and force
after the end of stimulation. These observations are
consistent with dose-dependent inhibition of SR Ca%*
ATPase by TBQ. Resting [Ca?']; just before tetanic
stimulation was not significantly altered by TBQ at 1
uM or lower concentrations; in the absence and pres-
ence of 1 pM TBQ, average values of resting [Ca%"];

510 Ca?*—Force Relation in Intact Skeletal Muscle
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were 0.056 = 0.004 and 0.060 = 0.003 wM, respectively,
and these were not statistically different (n = 10, paired
¢ test). Higher concentrations of TBQ caused a slight
but significant (paired ¢ test) increase in the resting
[CaZ*];; 0.069 * 0.004 pM with 2 pM TBQ (n = 10)
and 0.071 = 0.005 uM (n = 8) with 5 uM TBQ. This
slight elevation of resting [Ca?*]; could be due to inhi-
bition of SR Ca?"™ ATPase, which, in the short term,
could counterbalance SR Ca?" leak, but could also re-
sult from incomplete recovery from the effect of the
preceding tetanus in the presence of TBQ. It seems rea-
sonable to conclude that TBQ (up to 5 pM) does not
markedly elevate the resting [Ca?*]; of unstimulated fi-
bers. The effects of TBQ (at 2-5 wM) were mostly, but
not completely, reversed after extensive wash with the
normal Ringer’s solution for 30-60 min (see Fig. 7,
filled symbols).

[Ca?"]; and force records shown in Fig. 5 were plot-
ted on a pCa-force axis (Fig. 6). In contrast to the close
similarity between the rising and relaxation phases of
K* contractures (Fig. 4), data sets from tetani formed
counterclockwise loops suggesting nonequilibrium re-
lation between [Ca?"]; and force either in the rising or
the relaxation phase, or both. In the absence of TBQ,
the rise of tetanic force probably lags behind [Ca%"];
because of the delay between Ca?* binding to troponin
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(B) fiber 051894f1, (C) fiber
020194f1, (D) 021294f1. See leg-
end to Fig. 3 for fiber information.

pCa
and the attachment of cross bridges and force genera-
tion. TBQ dose-dependently shifted the ascending limb
of the loop to the right (Fig. 6), suggesting that the lag
between [Ca?*]; and force was enhanced with a higher
rate of rise of [Ca?"]; in the presence of TBQ. We
therefore focused our analysis on the relaxation phase
of tetanic force; i.e., the descending limb of the loop.
TBQ at relatively low concentrations (0.2 and 0.5 wM)
dose-dependently shifted the descending limb to the
right (Fig. 6, fop). However, the increase in TBQ concen-
tration beyond 1 pM did not cause further substantial
shift of the descending limb of the loop (Fig. 6, bottom).
Fig. 7 summarizes the TBQ concentration-dependent
changes in the time courses of [Ca?*]; and force (as-
sessed by half decay time of A[Ca?*]; and force), and
the shift in the position of the descending limb on the
abscissa (assessed by [Ca%"]; at half relaxation of force).
As the decline of [Ca%*]; and force was slowed by 0.2-1
wM TBQ (Fig. 7, A and B), the descending limb was
shifted towards lower pCa or higher [Ca?*]; (Fig. 7 C).
Further prolongation of declining phases of [Ca?*];
and force by higher concentrations of TBQ (1-5 pM),
however, were accompanied by only a slight shift of the
descending limb of the loop (Cazy = 1.23 £ 0.04 uM,
n=10;1.30 £ 0.04 pM, n = 10; and 1.44 = 0.08 pM, n =
7,at 1, 2, and 5 uM TBQ, respectively). Although the



100 Hz

FIGURE 5. Dose-dependent effect of TBQ on changes in [Ca?*];
(top) and force (bottom) induced by 100 Hz stimulation (shown be-
low). TBQ concentration was sequentially increased, as indicated
near force traces. TBQ dose-dependently slowed the decay phase of
[Ca?*]; and force after secession of stimuli. Fiber 031095f2, resting
sarcomere length 2.7-2.8 pm, 90-70 wM indicator concentration.

differences in Ca;, were barely significant (0.01 < P <
0.05, paired ¢ test), the relatively common descending
limb of the loop observed with high concentrations of
TBQ (1-5 M) appears to reflect a near steady state re-
lation between [Ca?*]; and force.

[Ca?* ] ~Force Relation during the Relaxation Phase of Tetani
in the Presence of TBQ

Under the assumption that the slow decline of [Ca%*];
in the presence of high concentrations of TBQ) is rate
limiting for the relaxation of force, data points sampled
from the descending limb of the loop were fitted with
the Hill equation (Fig. 8). The fit was generally reason-
able, although some displacement was always noticed
in the region of relatively high force (>0.7) and high
[Ca%"]; (pCa < 5.7) levels. This displacement was not
due to loosening of fiber supports, because some ex-
periments, in which cyanoacrylate glue was used to en-
sure a firm connection between the tungsten hooks
(on both tendon ends) and the two support hooks (the
fixed hook and the arm of the force transducer) gave
very similar results. Bestfitted values of N and Cas
were 3.40 = 0.29 and 1.52 * 0.03 uM, respectively,
from four experiments with the glue, and these values
were 3.42 £ 0.17 and 1.45 = 0.07 uM, respectively,
from six experiments without the glue. The displace-
ment could be related to internal shortening and
lengthening of some sarcomeres (see DISCUSSION), but
the underlying mechanism was not further investigated
in the present study. In a total of 10 fibers, including

\O

2 M TBQ

7 6 5
pCa
FIGURE 6. Instantaneous plot of [Ca?*]; (in pCa units) and force

during high frequency tetani shown in Fig. 5. (Zop) In the absence
(0) and presence of 0.2 and 0.5 uM TBQ. (bottom) In the absence
(0) and presence of 1 and 2 uM TBQ. Each loop precedes in the
direction of arrows.

two fibers shown in Fig. 8, data points in the presence
of 2 uM TBQ were best described by the curve with
N = 3.41 = 0.15 and Ca;, = 1.48 = 0.04 uM (Table I).

In the analysis described above, the fluorescence R
was converted to [Ca?*]; using the steady state equation
(Eq. 3), assuming that Ca?* binding of fura dextran was
in equilibrium with the slow changes in [Ca?*]; under
study. It was therefore important to determine whether
the kinetics for the Ca%*-fura dextran reaction would
influence the results. Comparison of the results ana-
lyzed with or without the kinetic correction (Fig. 9)
demonstrates that the kinetic delay of the Ca**-fura
dextran reaction (K_, = 80 s™!) did slightly influence
the decay of [Ca%*]; after control tetanus (Fig. 9 A), but
did not appreciably change the slow [Ca?*]; decline in
the presence of 2 uM TBQ (Fig. 9 B). Similarly, little ef-
fect of the kinetic correction on the general time
course of [Ca?"]; was found for all records in the de-
clining phases after tetani in the presence of 1-5 pM
TBQ, as well as in K* contractures at 15-30 mM [K*],

512 Ca?*—Force Relation in Intact Skeletal Muscle
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FIGURE 7. Dependence of properties of A[Ca?"]; and force during
tetani on TBQ concentration. (A) Time to half decay of A[Ca?*];
after the last stimulus; (B) time to half relaxation of force after the
last stimulus; (C) [Ca®"]; level, expressed as pCa units, at the time
of half relaxation of force. Symbols represent means = SEM of
data obtained in 7-11 fibers, except for data points at 0.2 uM TBQ
(n = 2, only mean values are shown). In all experiments, TBQ con-
centration was sequentially increased. Filled symbols were taken at
the end of seven runs, 30-60 min after washout of the highest con-
centration of TBQ (2 uM in one fiber and 5 uM in six fibers).

(data not shown). Thus, it is unlikely that the kinetic
delay of the indicator introduced significant error in
the results of the present study.

pCa—Force Relation in Skinned Fibers

A steady state relation between bath [Ca?*] and force
was obtained in skinned fibers as shown in Fig. 10, with
primary experimental conditions matched to those for
intact fibers; skinned fibers of the same muscle type (m.
tibialis anterior) from the same frog species (Rana tempo-
raria) were used at a similar temperature (16-18°C)
and resting sarcomere length (2.7-2.8 wm). In freshly
prepared preparations, the Hill curve leastsquares fit-
ted to data points had N = 3.25 = 0.64 and Ca;, = 1.81 =
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0.25 pM (n = 6), which may be compared with those
estimated above from intact fibers (Table I).

To determine if TBQ directly influences the Ca?*
sensitivity of myofilaments, pCa runs were repeated
three times (Fig. 10 A). Although some decrease in
maximal Ca?*-activated force was noted in the repeated
runs (Fig. 10, A and B), probably due to fiber run-
down, N and Cas, were not markedly altered in the
three runs (see Fig. 10, legend, for N and Cas, values).
We therefore averaged the data from the first and third
runs (taken in the absence of TBQ) to compare with
those in the second run (taken in the presence of 5 puM
TBQ) (Fig. 10 C). The relative force level at each pCa
was not clearly altered by TBQ); only the data points at
pCa 5.8 were statistically different (n = 6, paired ¢ test).
The best-fitted Hill curves for the two data sets were
also similar; none of the three parameters were statisti-
cally different. Overall, the effect of 5 uM TBQ on myo-
filament Ca?" sensitivity, if any, appears to be minor
(~10% decrease in Cas), supporting the earlier report
in toad skinned fibers (Bakker et al., 1992).

DISCUSSION

In the present study, a comparison of [Ca%*]; and force
simultaneously measured in intact muscle fibers has
provided an estimate of the steady state relation be-
tween [Ca?*]; and force. Most information regarding
the [Ca?*];—force relation has been previously obtained
from experiments with skinned fibers, in which [Ca%*]
around the myofibrils can be precisely controlled. The
use of intact fibers has the advantage that the results
are clearly of more physiological relevance than those
obtained from skinned fibers, but it has the disadvan-
tage that accurate determination of [Ca?*]; is techni-
cally difficult. Because the indicator properties (i.e., op-
tical signals or Ca?" affinity, or both) are, in general,
likely altered in the intracellular environment as a re-
sult of binding to intracellular macromolecules (Beeler
et al., 1980; Konishi et al., 1988; Kurebayashi et al.,
1993; Baker et al., 1994), calibration of indicator sig-
nals suffers significant uncertainty for [Ca%"]; both at
rest and during activity.

The methodology for measuring [Ca?*]; employed
in the present study was based on the intracellular cali-
bration of fura dextran fluorescence in permeabilized
muscle fibers; after the cell membrane was permeabi-
lized by B-escin, calibration parameters, Ry, R;, and Kj
(see Egs. 1 and 3), were estimated in the fiber interior
in the presence of a major fraction of cellular macro-
molecules; the values estimated were 1.105, 0.106, and
1.0 pM, respectively (Konishi and Watanabe, 1995).
However, when the K is estimated by a kinetic analysis
of the indicator fluorescence change after action po-
tential stimulation, a 2.5-fold higher value (2.5 uM) is
obtained (Konishi and Watanabe, 1995). Although the
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FIGURE 8. Analysis of [Ca?*]—
force relation during the relax-
ation phase of tetani in the pres-
ence of 2 pM TBQ, A and Bwere
obtained in two different fibers.
In A and B, open circles were
B sampled at a 200-ms interval
from the instantaneous pCa ver-
sus force loop as shown in Fig. 6.
Each data set was least-squares fit-
ted with the Hill curve (solid line)
with maximum force level fixed
to 1.0 and two adjustable param-
eters indicated in the panel. In B,
sampled data at a 500-ms interval
from the loop obtained in the
presence of 5 uM TBQ are also
shown (X). (A) Fiber 03109512,
resting sarcomere length 2.7
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kinetic fits may overestimate K; owing to nonuniform
distribution of Ca2"™ and other uncertainties, it is also
possible that permeabilized fibers report erroneously
low K as a result of the loss of some cytoplasmic mole-
cules (see DISCUSSION in Konishi and Watanabe, 1995).
With this second estimate of K; (2.5 wM), all calculated
values of [Ca?']; are increased by 2.5-fold; the pCa—
force relation presented in Figs. 3, 4, 6, and 8 should be
shifted to the right by 0.4 pCa units without any change
in the shape of the curves.

Another disadvantage of intact fibers is that intracel-
lular conditions cannot be directly controlled. It is
therefore possible that changes of ion concentrations
other than [Ca2*];, such as pH, inorganic phosphate
(P;), and Mg?*, influenced the [Ca?*]—force relation
in intact fibers. For example, Tanokura and Yamada
(1984) reported 3.6 mM increase in P; and alkalization
of 0.08 pH units after 5-s tetanic contraction in bullfrog
sartorius muscles; these changes could be attributed to
the breakdown of creatine phosphate and subsequent
protonization of P;. In the present study, the time inte-
gral of contracture force induced by 20 and 30 mM K*
was, respectively, 3.1 = 1.0-fold (n = 6) and 8.0 = 0.4-

A

T1 UM

L1
300 ms

+TBQ

wm, 70 wM indicator; (B) fiber
03159512, sarcomere length 2.7
wm, 15-14 uM indicator.

fold (n = 3) larger than that of 1-s tetanic force. It fol-
lows that metabolic changes during the K* contrac-
tures could be roughly equivalent to those during 3-8-s
tetani, and therefore changes of P; and pH could be
similar to those reported in 5-s tetani described above.
Alteration of the [Ca?*];—force relation by such changes
of pH and P; (0.08 and 3.6 mM, respectively) are ex-
pected to be small, and no evidence for progressive
alteration of Ca?* sensitivity was detected in the instan-
taneous plot of data during K* contractures (Fig. 4).
Time integral of tetanic force in the presence of 1, 2,
and 5 pM TBQ was, respectively, 4.3 * 0.3-fold (n =
11), 8.4 £ 0.7fold (n = 10), and 31.5 * 5.6-fold (n =
5) greater than that of 0.5-s tetanic force; metabolic
changes at 1, 2, and 5 M TBQ may be roughly compa-
rable to those of, respectively, 2-, 4-, and 16-s control
tetani. Thus, only very prolonged relaxation in the
presence of 5 uM TBQ possibly caused the large P;
change and cytoplasmic acidification, owing to lactic
acid production, both of which are known to reduce
Ca?* sensitivity of myofilaments (Robertson and Ker-
rick, 1979; Nosek et al.,, 1990). These metabolic
changes might underlie the observed small increase in

FIGURE 9. Decay of [Ca?*]; af-
ter tetanic stimulation in the ab-
sence (A) and presence (B) of 2
uM TBQ taken from the experi-
ment shown in Fig. 5. Records
start at the last stimulus of the
train. In A and B, solid traces
were converted from R signals
assuming instantaneous Ca?*-
fura dextran reaction, while dot-
ted traces were obtained with ki-
netic correction for the delay of
the reaction (see METHODS).

I4 uM
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force measurements in a skinned
‘L fiber repeated in the absence (a
and ¢) and presence (b) of 5 pM
TBQ. The records were taken in
a sequence of a—c with 15-min in-
tervals. In a—c, the bathing solu-
tion was changed sequentially
from the relaxing solution to so-
lutions of various [Ca%*]’s, as in-
dicated in pCa units, and re-
turned back to the relaxing solu-
tion (downward arrow). In b, 5 pM
TBQ was applied for 2 min in the
relaxing solution, and was main-
tained throughout the run. Fi-
ber, 042795f4; resting sarcomere
length, 2.8 uM. (B) Summary of
[Ca?*] (pCa units)—force rela-
tion obtained as shown in A from
six skinned fibers; symbols repre-
sent means = SEM of data from
the first run in the absence of
TBQ (O), from the second run
in the presence of 5 pM TBQ
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(A), and from the third run after
washout of TBQ (0J). In each fi-
ber, the steady force levels were

pCa

normalized to the maximum force (at pCa 4.4) in the first run, and data from each run were fitted to the Hill equation. Smooth curves rep-

resent the Hill curve with the average N, Cas, and Force,,,, from the six fibers; N = 3.25, Ca;, = 1.81 uM, Force,,,, =
0.870 for the second run (dotted line); N = 2.87, Cay, =

(solid line); N = 3.16, Cay, = 1.62 pM, Force,,x =

0.999 for the first run

1.83 uM, Force,,,, = 0.755 for the

third run (solid line). (C) Data from the first and third runs were averaged for each fiber (O, control), and compared with those obtained
in the second run (A, *P < 0.05 vs. control). All data points were normalized to the mean maximum force at pCa 4.4 of control. Solid and
dotted lines were drawn based on the average N, Cayy, and Force,,,, from the six fibers; N = 3.07, Ca;, = 1.81 uM, Force,,,, = 0.996 for
control (solid line); N = 3.16, Caz, = 1.62 pM, Force,,,, = 0.983 with TBQ (dotted line).

Ca;o with the increasing TBQ concentration from 2 to 5
wM (Fig. 7 C, see also RESULTS).

According to Hou et al. (1991), cytoplasm of frog
muscle fibers contains a high concentration of parval-
bumin, a Ca?* and Mg?* binding protein (0.76 mM in
the tibialis anterior muscle of Rana temporaria). As Mg?*
is expected to be released from Ca?*-Mg?* binding
sites of parvalbumin in exchange with Ca®* (Baylor et
al., 1983; Irving et al., 1989), the sustained high [Ca%*];
levels should cause an elevation of cytoplasmic [Mg?*];.
A gradual increase in [Mg?*]; would lead to a time-
dependent decrease in Ca** sensitivity, which was not
seen in the similar rise and fall in the instantaneous
plot during K* contractures (Fig. 4). According to
Ogawa and Tanokura (1986), dissociation constants of
parvalbumin from bullfrogs are estimated to be 0.1-
0.17 pM for Ca?* and 1.1-1.2 mM for Mg?* (values for
PA1 and PA2, 20°C). If the average values (0.135 pM
for Ca?* and 1.15 mM for Mg?*) are used for the disso-
ciation constants, under the assumption of a resting
[Ca%"]; of 60 nM (Konishi and Watanabe, 1995) and
[Mg?*]; of 1.0 mM (Konishi et al., 1993), it can be cal-
culated that 38% of Ca?2*-Mg?* binding sites are occu-
pied with Mg?* (and 19% of the sites are occupied with
Ca?") in the resting state. If the frog cytoplasm contains
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1.52 mM Ca?*-Mg?* binding sites on 0.76 mM parval-
bumin (Hou et al., 1991), at most 0.58 mM Mg?* (1.52 X
0.38) could be released from the sites under very high
levels of [Ca®*]; during activation. Assuming that 37%
of the displaced Mg?* will be free and 63% will be
bound by other Mg?* buffers such as creatine phos-
phate (Baylor and Hollingworth, 1988), the increase in
[Mg?*]; would be only 0.22 mM. Thus, the influence of
this slight elevation of [Mg?*]; on the [Ca?*];—force re-
lation may not be detectable in the experimental data
in Fig. 4. Regarding the changes in pH, P;, and [Mg?*];,
the above consideration, despite a rough approxima-
tion with many assumptions involved, suggests that the
properties of myofilaments are not modified much in
the experimental conditions of the present study.
Analysis of [Ca?*]—force relation in the present
study assumes that sarcomeres within the fibers are ho-
mogeneous during activation and relaxation. However,
shortening and lengthening of different fiber seg-
ments, if this occurs, could reduce overall force pro-
duction, and consequently could distort the [Ca®*]—-
force curve, making the slope of the curve either
steeper or shallower depending on which part of the
curve was affected. It has been reported that, after teta-
nic stimulation, sarcomeres remain homogenous dur-



ing the early linear relaxation of force, but become in-
homogeneous during the late exponential phase (Hux-
ley and Simmons, 1970). Although we did not estimate
the intrafiber sarcomere inhomogeneity, the following
considerations suggest that the influence on force mea-
surement may be less extreme in the experimental con-
ditions of the present study, in which relaxation was
prolonged by inhibition of SR Ca?* pump. (a) The ex-
tent of sarcomere inhomogeneity during relaxation is
reduced in fatigued frog fibers, where the time course
of relaxation of tetanic force is markedly prolonged
(Curtin and Edman, 1989). This slow relaxation of teta-
nic force during fatigue is, at least partly, due to inhibi-
tion of SR Ca%* uptake in toad fibers (Westerblad et al.,
1997). Thus, slowing the decay of [Ca%"]; and force af-
ter tetani, which was done in the present experiment,
might help increase sarcomere uniformity. In fact, in a
TBQ-treated Xenopus fiber, Westerblad et al. (1997)
showed large force recovery after quick release during
relaxation, which is similarly seen in a fatigued fiber
(see Figs. 6 Band 7 B in Westerblad et al., 1997). (b)
The amplitude of nonuniform sarcomere shortening
and lengthening has been reported to be smaller at the
relatively long resting sarcomere length employed in
the present study (2.7-2.8 wM) than at slack length
(Edman and Flitney, 1982). (¢) In the presence of 2
wM TBQ, the [Ca%*]—force relation during relaxation
of tetanic force was similar to that obtained during ei-
ther the rising or the declining phase of K* contrac-
tures. It seems difficult to reconcile this similarity with a
large influence of inhomogeneous sarcomeres unless it
is assumed that these different types of activation and
relaxation experienced similar influence of sarcomere
nonuniformity. To resolve the problem concerning the
sarcomere shortening and lengthening, however, it
would be necessary to do experiments with careful con-
trol of sarcomere length, while [Ca?*]; and force are si-
multaneously measured.

Comparison of [ Ca?* ] —Force Curves Reported with
Other Techniques

Results of the present study gave estimates for N of 3.2—
3.9 and Ca;, of ~1.6 pM (Table I). The latter value
could be as high as 4.0 uM (1.6 pM X 2.5), if a higher
estimate of the indicator K; was used (see above). These
values may be compared with previously reported val-
ues in intact amphibian skeletal muscles.

Allen et al. (1989) estimated the [Ca®*]—force rela-
tion in Xenopus muscle fibers with aequorin as a Ca%*
indicator (21°C). Their data are consistent with N and
Cay values of 3.0-3.7 and 2.4-3.0 uM (see DISCUSSION
in Maughan et al., 1995). These values of N and Ca,
are within the similar range as those obtained in the
present study, although Allen et al. (1989) acknowl-

edged possible weaknesses of the aequorin calibration
procedure, and basically used their results as an indica-
tion rather than a precise calibration of [Ca%*];.

In a series of experiments with indo-1 in type 2 (fast
twitch) fibers from Xenopus skeletal muscle fibers, West-
erblad and Allen (1996) and Westerblad et al. (1997)
constructed the [Ca?*]i-force curve using normal tet-
ani and tetani during postcontractile depression after
recovery from fatigue. The curves gave an N value of
4.1 and Cay, values of 0.59-0.65 uM (sarcomere length
~2.3 um, 22°C). The slope of the relation (N) is similar
to those obtained in the present study from frog (Rana
temporaria) muscle fibers (3.2-3.9, Table I). The Ca,
values are lower by a factor of 2.6-6.5 than those esti-
mated by us (1.6-4.0 wM, Table I; also see above). The
discrepancy may be smaller than is apparent if Cag, val-
ues are inversely related to experimental temperature;
Maughan et al. (1995) reported that lowering the tem-
perature from 22 to 16°C caused a 78% increase in Cas
in frog skinned fibers bathed in solutions that mimicked
most known cytoplasmic ion constituents, although ear-
lier skinned fiber studies reported temperature-depen-
dent changes of Cay, in the opposite direction (Godt
and Lindley, 1982; Stephenson and Williams, 1985).
On the other hand, lengthening the fiber to a longer
sarcomere length in the present study (2.7-2.8 pm)
should decrease Ca;, (Endo, 1972; Moisescu and
Thieleczek, 1979; Martyn et al., 1993). The remaining
discrepancy of Casy values could reflect the difficulties
in calibrating indicator Ca?* signals in terms of [Ca%"];
(see above). Maximal [Ca?*]; level reached during the
plateau phase of tetanic force was ~2 uM in Westerblad
and Allen (1996) and Westerblad et al. (1997), whereas
it was 8.3-20.7 uM, depending on the choice of the in-
dicator Kj, in the present study (average values from 11
control tetani stimulated at 100 Hz for 0.5 s). Our high
estimates of [Ca?"]; levels obtained during high fre-
quency tetani are consistent with large Ca?* transients
with a peak amplitude of 10-17 pM, previously de-
tected during twitch in frog fibers with furaptra, a low
affinity Ca?* indicator that is likely to supply relatively
accurate information about the amplitude of Ca?* tran-
sients (Konishi et al., 1991; Zhao et al., 1996). It is also
possible, however, that a true difference in the [Ca?"];-
force relation exists between toad and frog fibers.

Morgan et al. (1997), using acetoxy-methyl (AM)-
loaded fura-2 in single fibers of Rana temporaria (sar-
comere length ~2.2 pum, 3°C), recently estimated that
the average value of N was at least 15, and could be
as high as 25. This extremely steep relation between
[Ca?*]; and force is in sharp contrast with the present
results and other results (above). The large discrepancy
in N values does not appear to be explained by the
small effects of different experimental temperatures
and sarcomere length on the slope (N) reported in
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skinned fibers (Moisescu and Thieleczek, 1979; Godt
and Lindley, 1982; Stephenson and Williams, 1985;
Martyn et al., 1993; Maughan et al., 1995). Rather, the
discrepancy might be caused by errors in calibration of
indicator signals in one or more of the above studies;
errors in estimates of R; (R,..) or R, (R,;,), or both,
but not K, could produce significant errors in estima-
tion of N. For the indicators introduced with their AM
ester forms, indicator molecules may not be completely
deesterified or may not be located entirely within cyto-
plasm. Morgan et al. (1997) found that 20-50% of fluo-
rescence from AM-loaded frog fibers was not removed
by cell membrane permeabilization with saponin, sug-
gesting that a substantial fraction of fura-2 molecules
were either tightly bound to some structures or trapped
inside some organelles. Although Morgan et al. (1997)
have corrected their results for several estimates of pos-
sible errors that arose from these “[Ca®"];-unrelated”
indicator signals, the high N value of 15-25 might be
attributed to incomplete correction for the [Ca®']-
unrelated signals. It has been reported that the [Ca®*]-
unrelated component of AM-loaded indicators would
present a significant source of error in the estimation
of [Ca%"];, particularly when the loaded concentration
is small (Zhao et al., 1997).

Comparison with Skinned Fiber Results

In the present study, the [Ca?*];~force relation was also
obtained in skinned fibers with many of the important
experimental conditions matched to those for intact fi-
bers. The estimated N and Cas, values from skinned fi-
bers were similar to those estimated from intact fibers
(Table I). Similarity of Caj, values between intact and
skinned fibers may be somewhat fortuitous because ex-
act positioning of the pCa—force curve of skinned fibers
is influenced by factors other than sarcomere length
and temperature (e.g., pH, ionic strength, etc.; see
Fink et al., 1986). Close agreement of N, however, indi-
cates similar steepness of the [Ca?"],—force relation in
intact and skinned fibers, and does not provide any evi-
dence for altered myofilament cooperativity due to the
skinning procedure in fast twitch muscle of frogs. The
present observation stands in contrast to the reported
decrease in the slope by skinning in rat cardiac muscle
(Gao et al., 1994). It is not clear at this point, however,
whether the different results obtained from frog skele-
tal muscle and rat cardiac muscle truly reflect the tissue
and species differences.

Maughan et al. (1995) measured the [Ca?*]-force
relation in frog skinned fibers, using the bathing solu-
tions that they proposed to best mimic the normal cyto-
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plasm of intact muscle fibers (Godt and Maughan,
1988). Their estimates of N and Cas, values were 4.85
and 2.58 uM at 16°C, pH 7.25, and a sarcomere length
of 2.0 wm. Cytoplasmic pH (pH;) of intact frog fibers
has been reported previously from measurements with
pH-sensitive microelectrodes. From the relation be-
tween pH; and pH of HEPES-buffered extracellular so-
lution reported by Curtin (1986), a pH; value of ~6.9-
7.0 might be expected under the conditions of our ex-
periments. The Cas, value obtained by Maughan et al.
(1995) would be somewhat larger if their solution pH
was set lower by 0.25-0.35 to approximate pH; of the
present experiment; Robertson and Kerrick (1979) re-
ported that decreasing pH from 7.5 to 7.0 increased
Caso by 86% (—0.27 pCa units) in skinned fibers from
frogs. The increase in Cas, for a pH of 0.25—0.35 lower,
which is expected to be smaller than 86%, would be
partially canceled by the opposing effect of the longer
sarcomere length in the present study, 2.7-2.8 um,
compared with 2.0 pm (Maughan et al., 1995); Martyn
et al. (1993) found that sarcomere lengthening from
2.4 to 3.1 pm decreased Cas, by 32% (+0.17 pCa) in
skinned frog fibers. Thus, with corrections for some dif-
ferences in pH and sarcomere length, the Cas, value es-
timated by Maughan et al. (1995) is likely to be within
the range of, and be consistent with, our estimate (1.6—
4.0 pM). Our N values (3.2-3.9, Table I), slightly
smaller than the value (4.85) reported by Maughan et
al. (1995), could also be attributed to stretch-induced
shallowing of the slope observed in skinned fibers
(Endo, 1972; Martyn et al., 1993).

Range of [Ca®* ]; Required for Active Force Development

With N and Caj;, values obtained during K* contracture
(3.92 and 1.69-4.23 puM, respectively), our measure-
ments imply that the isometric force is minimally acti-
vated (5% level of the maximum force) by a 13-fold in-
crease in [Ca?'];, and it is nearly saturated (95% level
of maximum force) by a 60-fold increase in [Ca’'];
from the resting level, independent of the choice of the
indicator Kj. The results thus suggest that a [Ca%"];
change by a factor of 4.5 (or 0.65 pCa units) is required
to bring myofilaments from threshold activation to
nearly full activation, allowing graded control of iso-
metric force by [Ca%*]; of a relatively wide range. The
present results, however, do not contradict the myosin—
Ca?* cooperativity hypothesis, the cooperative binding
of Ca?* to neighboring troponin C molecules induced
by cross-bridge attachment, as a Hill coefficient of 3—4
is clearly larger than expected from independent Ca?*
binding to troponin C, which only has two low affinity
Ca?* binding sites.
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