SIMULTANEOUS RECORDING OF CALCIUM TRANSIENTS
IN SKELETAL MUSCLE USING HIGH- AND
LOW-AFFINITY CALCIUM INDICATORS

M. G. KLEIN, B. J. SiMON, G. Szucs, AND M. F. SCHNEIDER
Department of Biological Chemistry, University of Maryland School of Medicine, Baltimore, Maryland
21201

ABSTRACT To monitor cytosolic [Ca®*] over a wide range of concentrations in functioning skeletal muscle cells, we
have used simultaneously the rapid but relatively low affinity calcium indicator antipyrylazo ITI (AP III) and the slower
but higher affinity indicator fura-2 in single frog twitch fibers cut at both ends and voltage clamped with a double
vaseline gap system. When both dyes were added to the end pool solution the cytosolic fura-2 concentration reached a
steady level equal to the end pool concentration within ~2.5 h, a time when the AP I1II concentration was still increasing.
For depolarizing pulses of increasing amplitude, the fura-2 fluorescence signal approached saturation when the
simultaneously recorded AP III absorbance change was far from saturation. Comparison of simultaneously recorded
fura-2 and AP 11 signals indicated that the mean values of the on and off rate constants for calcium binding to fura-2 in
18 muscle fibers were 1.49 x 10* M~'s~! and 11.9 s7!, respectively (mean K, = 89 nM), if all AP III in the fiber is
assumed to behave as in calibrating solution and to be in instantaneous equilibrium with [Ca®*]. {Ca’*] transients
calculated from the fura-2 signals using these rate constants were consistent with the [Ca®*] transients calculated from
the AP III signals. Resting [Ca*] or small changes in [Ca?*] which could not be reliably monitored with AP I1I could
be monitored with fura-2 with little or no interference from changes in [Mg?*} or from intrinsic signals. The fura-2
signal was also less sensitive to movement artifacts than the AP III signal. After a [Ca?*] transient the fura-2 signal

demonstrated a relatively small elevation of [Ca?*] that was maintained for many seconds.

INTRODUCTION

Calcium binding to relatively low affinity “calcium-specif-
ic” sites on thin filament troponin C (Zott and Potter,
1984) serves to activate contraction of skeletal muscle cells
within milliseconds (Kress et al., 1986) of the large and
rapid cytosolic calcium transient initiated by the muscle
action potential (Miledi et al., 1977; Blinks et al., 1978;
Baylor et al., 1982b). In contrast, small but prolonged
depolarizations can increase muscle metabolism without
producing any mechanical activation (Solandt, 1936;
Smith and Solandt, 1938; Hill and Howarth, 1957). Such
small depolarizations do produce small elevations in rest-
ing [Ca®*] (Lopez et al., 1983; Snowdowne, 1985), which
could modulate intermediary metabolism in muscle via
Ca’* regulated enzyme systems (Malencik and Fischer,
1982). Selective activation of such metabolic systems could
be achieved during small depolarizations if they were
regulated by sites having a higher effective calcium affin-
ity than thin filament troponin C.

In several previous studies from this laboratory we have
used the metallochromic calcium indicator antipyrylazo
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III (AP III) (Scarpa et al., 1978) to monitor calcium
transients during voltage clamp depolarizations of skeletal
muscle fibers. Analysis of such calcium transients has
provided information regarding calcium release from the
sarcoplasmic reticulum (SR) (Melzer et al., 1984, 1987;
Melzer et al., 1986b), calcium depletion from the SR
during release (Schneider et al., 1987a), possible [Ca**]-
dependent inactivation of SR calcium release (Simon et
al., 1985), and the properties of the systems involved in
removing the released calcium from the myoplasm
(Melzer et al., 1986a; Brum et al., 1987). However, the
relatively low affinity of AP III (Rios and Schneider, 1981;
Kovacs et al., 1983; Hollingworth et al., 1987) precludes its
use to determine resting levels of {Ca?*]. This was a serious
limitation to some aspects of our studies, especially those
characterizing the calcium removal systems. Furthermore,
the small but prolonged elevations in calcium (Melzer et
al., 1986a; Cannell, 1986) that follow the fast decline of
the calcium transient after fiber repolarization are not
monitored unambiguously with AP III because of the
simultaneous occurrence of an often relatively large
change in intrinsic transparency (Kovacs and Schneider,
1977; Baylor et al., 1982b; Melzer et al., 1986a) and the
possibility of a component of the AP III signal due to
changes in [Mg?*] (Baylor et al., 1985a, 1986).
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To monitor [Ca®*] accurately over the range of concen-
trations relevant to calcium regulation at both high- and
low-affinity sites and to be able to monitor resting [Ca®*]
and small changes thereof, we have modified our previous
apparatus to allow the simultaneous use of the rapid but
relatively low affinity calcium indicator AP III and the
slower but higher affinity calcium indicator fura-2 (Gryn-
kiewicz et al., 1985). Fura-2 is a fluorescence indicator
whereas AP III is an absorbance indicator and the wave-
lengths for fura-2 excitation and emission are well below
the wavelengths that we use for monitoring the AP III
absorbance signal. This allowed simultaneous use of the
two indicators with essentially no change in the elements of
our previous optical system for AP III. The simultaneous
recordings provided data for calibrating the fura-2 signal
in muscle fibers so as to be consistent with the AP III
calcium transient (Baylor et al., 1985b; Hollingworth and
Baylor, 1987; Baylor and Hollingworth, 1987). Our pres-
ent results confirm the occurrence of a relatively small but
prolonged elevation of [Ca®*] following a large [Ca?*]
transient. This relatively slow component is recorded by
fura-2 without interference from intrinsic signals or from
signals due to changes in [Mg?*] and is maintained for
many seconds. Abstracts of some aspects of this work have
been presented previously (Klein et al., 1987; Schneider et
al., 1987b).

METHODS

Fiber Preparation and Mounting

Single twitch fibers were isolated from frog ileofibularis muscles, cut at
both ends, and mounted in a double vaseline gap voltage clamp chamber
(Kovacs et al., 1983). Final dissection and mounting were carried out in a
calcium-free, high-potassium relaxing solution (Kovacs et al., 1983).
Fibers were stretched to sarcomere lengths of 3.7—4.5 um to eliminate
fiber movement, which otherwise would have produced artifacts in the
optical light absorbance records. After forming the vaseline seals, the
“external” solution bathing the intact fiber segment in the middle pool
and the “internal” solution applied to the cut ends were changed to
solutions identical to those used previously (Melzer et al., 1986b) except
that the internal solution contained two calcium indicators instead of one,
50 M fura-2 (membrane impermeable free acid form) as well as 1 mM
AP III. In some experiments 5 mM Na creatine phosphate was added to
the internal solution and no calcium was added. The fibers were voltage
clamped as previously described (Kovacs et al., 1983) at a holding
potential of — 100 mV. Experiments were carried out at 6-10°C.

Apparatus for Simultaneous Absorbance
and Fluorescence Measurements

A simplified schematic diagram of the optical system used in these
experiments is shown in Fig. 1. The system was designed to allow
simultaneous recording of absorbance changes at relatively long wave-
lengths (AP III and intrinsic signal) and fluorescence signals at shorter
wavelengths (fura-2). It was assembled by modifying the compound
microscope used in previous experiments, with all components for record-
ing absorbance signals maintained as in our most recent studies (Melzer
et al., 1986b; Schneider et al., 1987a). For the sake of illustration, the
light at each wavelength of interest is represented by a different type of
line in Fig. 1 and is shown to follow a spatially separate path. In reality, all
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FIGURE 1 Simplified schematic diagram of the optical set-up for
monitoring Ca’* signals simultaneously using AP III absorbance and
fura-2 fluorescence. Long wavelength light (>575 nm) from a tungsten-
halogen lamp transilluminates the fiber from below, while UV light
passed through a slide-selectable incident filter epi-illuminates the fiber
from above. 01 and 02 are 10x air (NA 0.25) and 40x water-immersion
(NA 0.75) microscope objectives, respectively. Dichroic mirrors D1, D2,
and D3 reflect light of successively longer wavelengths. Filter photodiode
combinations F1/P1, F2/P2, and F3/P3 record the fluorescent light
intensity at 510 nm and the transmitted light intensity at 700 and 850 nm,
respectively. A lens (not shown) in front of each photodiode focused the
light on the active surface of the photodiode. See text for additional
details.

wavelengths were spatially mixed in the apparatus. For absorbance
measurements, the fiber was transilluminated with light from a tungsten-
halogen lamp that was passed through an incident light cut-on filter at
575 nm (not shown) to give the bottom incident light beam in Fig. 1. The
incident beam illuminated an adjustable slit (not shown), and a reduced-
size image of the slit was focused on the fiber using a 10x objective (01).
Transmitted light was collected with a 40x water-immersion objective
(02), and the transmitted light intensities at 700 and 850 nm were
monitored simultaneously using the top dichroic beam splitter (D3) and
the filter-photodetector units F2/P2 (700 nm) and F3/P3 (850 nm). This
much of the apparatus was identical to that used previously for recording
AP III and intrinsic signals from cut fibers (Melzer et al., 1986b).

To record the fura-2 fluorescence signal together with the absorbance
signals, we made several additions to the previous system. Two new
dichroic beam splitters (D1 and D2 in Fig. 1) were incorporated between
the water immersion objective (02) and the original dichroic beam splitter
(D3). The bottom beam splitter (D1; DC 400 LP, Omega Optical Inc.,
Brattleboro, VT) reflected light of ~300—400 nm while transmitting light
outside this band. It was used with an incident light illuminator (2090
vertical illuminator, Reichert Scientific Instruments, Buffalo, NY)
equipped with 75-W xenon lamp and selectable interference filters (380,
358, and 350 nm, 10-nm bandwidth; Omega Optical Inc.; not shown) to
epi-illuminate the fiber with an incident UV light beam as shown in Fig.
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1. A round aperture (not shown) was positioned in the illuminator so that
a reduced-size image of the aperture was produced in the object plane of
the water immersion objective 02, giving a spot of UV light at this
position. During an experiment the microscope was focused on the muscle
fiber so that the spot of UV light was focused on the fiber. The diameter of
the spot was equal to the length of the slit used for transillumination. A
fraction of the fura-2 fiuorescence resulting from the UV illumination of
the fiber was collected by the water immersion objective. Because fura-2
fluorescence emission is centered at 510 nm (Grynkiewicz et al., 1985),
the emitted light passed through beam splitter D1 but was reflected by
beam splitter D2 (DC 550 LP, Omega Optical Inc.), which reflected light
between ~450 and 550 nm. The light reflected by D2 was monitored by
filter-photodetector unit F1/P1, which consisted of a 510 nm interference
filter (40-nm bandwidth; Omega Optical Inc.) followed by a photodiode
(EG & G, Salem, MA, UV-215BG) and current measuring operational
amplifier with 1,000 MQ feedback resistor, to give the fluorescence at 510
nm. The time constant of the circuit for detecting fura-2 fluorescence was
found to be 0.5 ms using a light-emitting diode positioned in place of the
muscle fiber.

The period of UV illumination was limited to the sampled interval
using a computer-controlied shutter (Ealing Corp., S. Natick, MA;
22-8411 with custom interface) incorporated into the xenon lamp hous-
ing. Fluorescence measurements were taken as the difference in the
output of the 510 nm recording system with the shutter open and closed.
Periodic UV illumination minimized the bleaching of fura-2 over the
course of the experiment. During single records bleaching of fura-2
caused negligible change in fluorescence, even at the slowest sampling
rates, as verified by fluorescence recordings in the absence of fiber
stimulation.

The transmitted light originating from the tungsten-halogen source
(bottom of Fig. 1) and monitored for the absorbance signals (top) was at
700 and 850 nm and thus passed through both D1 and D2 with little
attenuation. For this reason, the addition of the optical elements needed
for fluorescence measurements made little change in the performance of
the previous system for recording absorbance signals. There was essen-
tially no “cross-talk” between the fluorescence and absorbance signals.
The incident beam from the tungsten-halogen source (bottom) contained
wavelengths almost entirely beyond the transmission band of the 510-nm
filter and thus made little contribution to the output of the 510-nm
fluorescence recording system. In addition, any output of the 510-nm
system due to light from the tungsten-halogen source was canceled while
taking the difference in 510-nm outputs with the UV source shutter open
and closed because the halogen source was not interrupted by the shutter.
The absorbance signals were not influenced by fura-2 fluorescence
because they were monitored at 700 and 850 nm, which are well beyond
the emission band of fura-2.

Fura-2 Fluorescence Measurements

The background fluorescence was recorded for each excitation wave-
length in each experiment before dye entry and was subtracted from all
subsequent fluorescence measurements. In several cases the background
fluorescence was redetermined at the end of the experiment by removing
the fiber from the chamber and was found to be essentially the same as at
the start of the experiment. Fura-2 signals were calculated as the ratio
(R) of fura-2 fluorescence at 380 nm excitation (F;) to that at 358 nm
excitation (F,s). The resulting signals are presented as — R so that an
increase in [Ca*] corresponds to a rise in the ratio signal —R. Fluores-
cence excitation at 358 nm was achieved by slightly tilting a 360-nm fiiter
until no change in fluorescence was observed for pulses that gave large
signals at 380 nm. Use of a 355-nm filter gave signals of opposite polarity
to the untilted 360-nm filter. Thus our tilted filter, which we refer to as
nominally 358 nm, was between 355 and 360 nm. The use of fluorescence
ratios corrects the fura-2 signals for the effects of varying pathlengths and
concentrations of fura-2 (Grynkiewicz et al., 1985) and thus provides a
signal that can be readily converted to [Ca®*]. Because the fura-2

KLEIN ET AL. Muscle {Ca**] Transients

fluorescence for 358 nm excitation is insensitive to [Ca?*] (Grynkiewicz
et al., 1985 and Fig. 4), the value of Fyg in the resting fiber was used to
normalize each Fyg record. F,5 was monitored at intervals of ~10-20 min
during the course of the experiment, and its value at the time of each Fyg,
signal was determined by temporal interpolation.

Determination of [Ca**] from the Fura-2
Fluorescence

The equilibrium relationship between [Ca?*] and the fraction (CaD) of
fura-2 reacted with calcium is

[Ca?*] = Kp CaD/(1 — CaD), (1)

where K|, is the dissociation constant of the calcium fura-2 reaction. The
observed fura-2 ratio signal — R (= — Fyg/ F3ss) is a linear function of the
percent saturation of fura-2 by calcium, ranging from — Ry, at 0%
Ca-fura-2 to — R,,, at 100% Ca-fura-2. CaD is thus given by

CaD = (R - Rmin)/(Rmnx - Rmin)- (2)
Substituting Eq. 2 into Eq. 1 gives
[Ca2+] = KD (R - Rmin )/(Rmx - R) (3)

Eq. 3 can be obtained directly from Eq. 5 of Grynkiewicz et al. (1985) for
the condition that the reference wavelength be the isosbestic wavelength.
Eq. 3 allows calculation of [Ca’*] from our fura-2 ratio signals from
muscle fibers under the assumption of instantaneous equilibration of
calcium with fura-2 or for the condition that [Ca’*] is changing
sufficiently slowly that the Ca-fura-2 reaction is always at equilibrium.

When [Ca?*] was changing sufficiently rapidly that fura-2 was not at
equilibrium, which appeared to be the case for most [Ca®*] transients
produced by pulse depolarizations, CaD could be calculated from the
differential equation

dCaD/dt = k,, [Ca?*] (1 — CaD) — k,sCaD,  (4)

where k,, and kg are the forward and reverse rate constants for the
Ca-fura-2 reaction. In this case [Ca®*] was calculated from the fura-2
ratio signal using

dR/dt + keg (R — Ruin)

[Ca2+] - kon (Rmax - R) ’

(5)

which is obtained by substituting Eq. 2 into Eq. 4. The values of the fura-2
reaction rate constants used in Eq. 5 as well as the value of — R, were
determined in each fiber as described in the results section. The derivative
in Eq. 5 was calculated using a seven-point least-squares cubic convolu-
tion method (Ratzlaff, 1987, p. 393) to minimize the noise introduced into
the [Ca?*] record.

Calibration of Fura-2 Fluorescence and
Measurement of Dye Concentrations

Our system for fura-2 fluorescence measurements was tested using
several thin-walled glass capillary tubes of different diameters, each filled
with a calibrating solution containing fura-2 and positioned in our
chamber in place of a muscle fiber. The tube internal diameters were
chosen to bracket the range of muscle fiber diameters in our experiments.
All other aspects of the apparatus were identical to those used during an
actual experiment. The fluorescence at 510 nm was determined with
various calibrating solutions in the tube using 380, 358, or 350 nm
excitation. Other independent tests on our set-up showed that a layer of
glass thicker than the wall thickness of the tube did not absorb a
significant amount of light at 380, 358, or 350 nm. However, we cannot
rule out the possibility that some of the spectral differences we observed
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between fura-2 in the tube and in a muscle fiber might arise from
differences in the wavelength dependence of the refractive or scattering
properties of a glass tube and a muscle fiber. The spectral characteristics
of calibrating solutions were occasionally checked in a commercial
spectrofluorometer (Aminco-Bowman, Silver Spring, MD).

To determine the actual concentration of fura-2 in a muscle fiber, we
required an absolute calibration of our apparatus. This was obtained by
using capillary tubes of three different internal diameters (d = 65, 75, and
110 gm) in place of the fiber. Each tube was filled successively with
internal solution containing fura-2 at each of four different concentrations
(10, 25, 50, or 75 uM) and the fluorescence was measured in each case
using 358 nm excitation. AP III was not present in these calibrating
solutions. The measured Fi;; was plotted as a function of d? for each
concentration of fura-2. For each of the four concentrations a linear
relationship was obtained. The resulting four lines were consistent with
the same calibration relationship,

[fura-2] = I F35/d%, (6)

in which I is a calibration factor and F;s is the measured fluorescence
intensity for 358 nm excitation. A single value of I was consistent with the
results for all tube diameters and concentrations. The value of 7 is specific
to our apparatus, depending on the geometrical arrangement of optical
elements and their optical properties, and on the light intensity of the
xenon source. The latter was checked periodically between experiments.
AP III absorbs appreciably at both the excitation (358 nm) and
emission (510 nm) wavelengths of fura-2. It was thus necessary to correct
the measured fluorescence for the effects of the AP III present in the fiber
before using Eq. 6 to determine the fura-2 concentration in a fiber. To
correct for this “inner filter” effect due to AP III, the measured
fluorescence at 358 nm excitation was scaled by a factor, f, given by

1 — 10-('1 Asso)

Il Ui 7
f InloaASSO ( )

where A5 was the measured absorbance of the fiber at 550 nm due to AP
II1. A derivation of Eq. 7 is presented in the Appendix. The value of the
coefficient a used in Eq. 7 was determined from fluorescence measure-
ments of internal solution containing 50 uM fura-2 and several different
concentrations of AP Il in a glass capillary tube positioned in place of the
fiber. The cytosolic concentration of fura-2 was calculated from the
corrected fluorescence using Eq. 6 but assuming only 70% of the fiber
volume to be accessible to the dye (Baylor et al., 1983) and setting d equal
to the geometric mean of the fiber diameters measured in the directions
parallel and perpendicular to the microscope axis (Kovacs et al., 1983). It
should be noted that present estimates of fura-2 concentration in muscle
fibers are based on the assumption that for 358 nm excitation and 510 nm
emission the absolute absorbance and fluorescence efficiency of fura-2
were the same in muscle fibers and in solutions in a glass tube on our
setup. There was no way to verify this assumption directly because no
independent measure of fura-2 concentration in a fiber was available.
The cytosolic concentration of AP III was determined from absorbance
measurements on the resting fiber at 550 and 790 nm as previously
described (Kovacs et al., 1983), again assuming 70% aqueous volume. For
absorbance measurements on resting fibers D2, D3, and F3 (Fig. 1) were
removed from the light path. One of several narrow band filters (not
shown in Fig. 1) was then placed in the incident beam to set the incident
wavelength, and P3 was used to record the light intensity with and
without the fiber in the light path. The measurements of AP III and
fura-2 concentrations were carried out at various times during the course
of an experiment. The dye concentration at the time of each pulse was
determined by linear temporal interpolation between measurements.

Data Recording and Analysis

The relatively small changes in fiber absorbance accompanying pulse
depolarizations were recorded in our earlier experiments using the
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previously described track-and-hold circuit (Kovacs et al., 1983). More
recently we used the dual-mode photodiode circuit of Irving et al. (1987),
operating in the sample-and-hold mode. Absorbance signals recorded at
700 nm were corrected for dye-independent intrinsic components by
subtracting the simultaneously recorded 8 50-nm absorbance signal scaled
by (850/700)'* before calculating the calcium transient (Melzer et al.,
1986b). The fura-2 fluorescence signal was recorded directly without use
of a track-and-hold system.

Calcium transients were calculated from the AP III absorbance signals
using the calibration of Kovacs et al. (1983). Although the values of
dissociation constant and extinction coefficient change obtained in that
calibration have recently been questioned (Hollingworth et al., 1987), the
calibration of Kovacs et al. still provides a valid empirical relationship
between the measured absorbance change and the change in [Ca?*] for a
given concentration of AP II1. However, if an appreciable fraction of the
AP I1I in the fiber were bound to myoplasmic constituents (Maylie et al.,
1987, and present data) and if bound AP III were unreactive with
calcium, the actual calcium transients would be larger than calculated
here (Maylie et al., 1987). Various alternative possibilities regarding the
AP III calibration in muscle fibers are considered in the results section in
relation to the present simultaneous recordings with AP III and fura-2.

All optical signals as well as membrane current and voltage were
monitored using an A-to-D converter (Data Translation DT 2801A) in a
personal computer (Zenith Z158) and stored on hard or floppy disk for
subsequent analyses. The three optical and two electrical signals were
successively sampled at 40-us intervals to give one value for each signal.
This sampling sequence was repeated at regular intervals to give the
records presented here. Pulse sequences and timing of data acquisition
were set by a computer-programmable pulse generator system (Univer-
sity of Rochester Department of Physiology Electronics Shop) which
allowed variation of sampling rates within a record. In general, fura-2
signals were sampled with the shutter continuously open during the
record. However, in a few experiments a “slow sampling” mode was used
for monitoring the fura-2 fluorescence signal at 5-s intervals. In this case
the output voltage of the fluorescence monitoring amplifier was first
sampled 50 times with the shutter of the UV light source closed. The
shutter was then opened for 1 s during which 250 equally spaced
determinations of the fluorescence output were obtained. The shutter was
then closed for 4 s until the next point was sampled. Each point in the
fluorescence record was calculated as the difference of the average values
with the shutter open and closed.

Nonlinear least-squares curve fitting was carried out using the proce-
dure of Scarborough (1966), with estimates of errors of individual
parameters calculated as described by Cleland (1967). Curve fitting
programs were written in FORTRAN 77 and compiled and executed on a
32-bit processor board (Definicon Systems, Westlake Village, CA, DSI-
32) with its own on-board memory running in a Zenith Z158 computer.

RESULTS

Time Course of Dye Entry

Fig. 2 presents data concerning the time course of dye
entry into muscle fibers in our setup. The solid circles and
right ordinate scale in Fig. 2 A present the concentration of
AP III in the central region of a fiber, plotted as a function
of time after the solution containing both AP III and fura-2
was first applied to the two cut ends of the fiber. After an
initial delay of ~20 min the AP III concentration in the
central region of the fiber increased continuously and
approximately linearly during the subsequent 3-h duration
of the experiment, with no indication of a decreasing rate
of entry.

The fura-2 fluorescence due to illumination of the
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FIGURE 2 Time course of entry of AP III and fura-2 into muscle fibers.
At time = 0, internal solution containing 50 uM fura-2 and 1 mM AP III
(A) or 50 uM fura-2 and no AP III (B) was applied to the end-pools.
Subsequently, the concentration of AP I1I and the emitted fluorescence at
358 nm excitation due to fura-2 (F,s5) were measured in the central
recording pool at various times. (4) Solid circles and right ordinate,
concentration of AP III in the fiber in the central pool, calculated as
described in the text. Open triangles, Fy53 measured from the fiber in the
central pool (arbitrary scale). Solid triangles, F, after correction for the
absorption of incident and emitted light by AP I1I as described in the text.
The solid triangles (and left ordinate scale) also give the concentration of
fura-2 in the fiber calculated from the corrected F. Fiber VI217, 10°C,
diameter 105 um, 3.9 um per sarcomere. (B) Concentration of fura-2 in
another fiber exposed to fura-2 but no AP 111 in the end pools. In this case
no correction was needed for AP III absorbance and the fura-2 concentra-
tion was calculated directly from the measured Fi5 by Eq. 6. Fiber
VI237, 10°C, diameter 80 um, 4.0 um per sarcomere. The fiber
membrane potential was held at 0 mV throughout the course of both
experiments.

central region of the same fiber with 358 nm light is given
by the open triangles in Fig. 2 4. The fura-2 fluorescence
began to increase after a shorter delay than observed for
the rise of AP III, reached a maximum value by ~2 h after
dye application and then began to decline slowly with time.
However, the measured fura-2 fluorescence did not provide
a linear measure of the fura-2 concentration because the
AP III concentration and consequent suppression of fura-2
fluorescence due to light absorbance by AP III (Methods)
was increasing with time. The measured fura-2 fluores-
cence was therefore corrected for the effects of AP III
absorbance (Eq. 7) to give the solid triangles in Fig. 2 A4.
Comparison of the corrected and uncorrected fluorescence
measurements (solid and open triangles in Fig. 2 A)
indicates that by the end of this experiment AP III
absorbance suppressed as much as half of the fura-2
fluorescence. The corrected fluorescence was converted,
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according to Eq. 6 with our calibration factor and the
measured fiber diameter, to give the actual fura-2 concen-
tration in the central region of the fiber (solid triangles
relative to the left ordinate scale in Fig. 2 4). The fura-2
concentration increased continuously during the first 2.5 h
of the experiment, but by ~2.5-3 h after dye application
approached a steady level which was approximately equal
to the 50 uM concentration of fura-2 in the solution applied
to the cut ends of the fiber.

The results in Fig. 2 4 indicate that fura-2 entered the
fiber more rapidly than AP III. The fura-2 concentration
in the center of the fiber reached equilibrium with the end
pool solution while the AP III concentration was still
increasing at a relatively rapid rate. Because the concen-
trations of AP III or fura-2 in Fig. 2 A were calculated,
respectively, from total fiber absorbance or fluorescence
due to dye, they do not distinguish between free dye and
dye bound to myoplasmic constituents. However, the fact
that the calculated equilibrium concentration of fura-2 in
the fiber was equal to the end pool concentration suggests
that little fura-2 was bound within the fiber. In contrast,
the calculated concentration of AP III at the end of the
experiment was 50% greater than the concentration in the
end pool and was still increasing at a relatively rapid rate.
This confirms the recent observations and interpretation of
Maylie et al. (1987) that an appreciable fraction of the AP
III in a fiber may be bound to myoplasmic constituents.

The conclusion from Fig. 2 4 that the equilibrium
concentration of fura-2 was approximately equal to the end
pool concentration depended heavily on the correction for
AP TII light absorbance. To avoid this correction, we
monitored the dye entry time course in another fiber in
which fura-2 but no AP III was added to the end pool
solution. The time course of fura-2 entry into that fiber is
presented in Fig. 2 B and is quite similar to the corrected
time course (solid triangles in Fig. 2 4) measured in the
presence of AP III. The concentration of fura-2 in this
fiber at the end of the experiment also reached a steady
level about equal to the concentration in the end pools,
confirming the results in Fig. 2 4.

Spectral Properties of Fura-2 in Resting
Muscle Fibers

The mean value of —R(= — Fj50/F3s) in 18 resting fibers
was —1.35 = 0.05 (+SEM) about 1 h after exposing the
cut ends of the fibers to internal solution containing 50 uM
fura-2 and 1 mM AP III. In contrast, the value of —R
obtained using internal solution with 10 uM or 50 uM
fura-2 in a glass capillary tube on our set-up was —1.10,
with or without AP IIl. The value of — R should increase
linearly with the fraction of fura-2 complexed by calcium,
which in turn increases with increasing [Ca?*]. Thus the
difference in — R in resting fibers and in internal solution
in the calibrating tube could indicate that the level of
[Ca?*] was lower in fibers than in internal solution.
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However, measurements with stronger calcium buffering
indicated that there was actually a difference in the
spectral properties of calcium-free fura-2 in fibers and in
solution.

Using internal solution to which 1 mM EGTA was
added (no added calcium), the mean value of —R for
fura-2 in three fibers was —1.91 (= 0.15 SEM), whereas
the value of — R in the same solution in the calibrating tube
was —1.37 with or without AP III. Increasing the concen-
tration of EGTA to 5 or 70 mM caused no change in the
value of — R for the solution in the tube, indicating that the
tube value corresponded to calcium-free fura-2 in solution.
The value of —R found in fibers exposed to internal
solution plus 1 mM EGTA was more negative than —1.37
and would thus indicate a negative value of [Ca®*] in
muscle fibers if the tube calibration were to be applied to
fura-2 in muscle fibers. It therefore appears that the
spectral properties of calcium-free fura-2 in fibers must
differ from those determined for calcium-free fura-2 in
solution in a tube on our set-up. Similar observations and
conclusions regarding the properties of fura-2 in cells and
in solution were obtained by Almers and Neher (1985) in
mast cells exposed to an internal solution containing fura-2
and EGTA from a patch pipette. For conversion of fura-2
signals in muscle fibers to [Ca®*] records we therefore used
the value of — R,;, determined in fibers exposed to internal
solution plus ImM EGTA. If 1 mM EGTA were insuffi-
cient to remove all calcium from fura-2 in the fibers, the
calcium levels calculated using this value would be system-
atically underestimated.

To experimentally test whether [Ca®*] in muscle fibers
could be set lower than the level attained with 1 mM
EGTA, we exposed six fibers to internal solution contain-
ing 70 mM Cs,EGTA (by substitution for 103 mM Cs
glutamate). Surprisingly, the value of — R in this case was
- 1.54, indicative of a higher rather than a lower level of
[Ca®*] in these fibers compared with those exposed to

100 ms

internal solution containing 1 mM EGTA, where — R was
—1.91. The source of this unexpected effect of high EGTA
concentration was not further investigated.

Comparison of AP III and Fura-2 Signals

When depolarizing pulses were applied to fibers containing
both fura-2 and AP III, the fura-2 fluorescence ratio signal
(Fig. 3 4) and the AP III absorbance change (Fig. 3 B)
were both consistent with a transient rise of [Ca?*].
However, the families of signals generated by the two
indicators showed considerable differences, even though
they were recorded simultaneously in response to the same
calcium transients. Three points are noteworthy concern-
ing the families of records generated by the two indicators.
First, as the fiber membrane potential during the pulse was
increased from —50to —20 mV in 10-mV steps, the AP I11
signal increased appreciably and by roughly similar
amounts with each 10-mV increment (Fig. 3 B). In con-
trast, the fura-2 signal (Fig. 3 A) increased appreciably as
the pulse increased from —50 to —40 mV, but then
increased only slightly for the pulses to —30 and —20 mV.
The observation that the fura-2 fluorescence approached
saturation for a range of calcium transients which did not
saturate the AP III response was made in all fibers studied
and is consistent with the higher calcium affinity of fura-2
(Grynkiewicz et al., 1985) compared to AP III (Rios and
Schneider, 1981; Kovacs et al., 1983; Hollingworth et al.,
1987) in calibrating solutions.

Second, after the pulses in Fig. 3, the AP III absorbance
signals (Fig. 3 B) for the three smaller pulses declined to
close to their starting levels and only the AP III signal for
the largest pulse exhibited a slight remaining elevation at
the end of the record. In contrast, the fura-2 fluorescence
signals (Fig. 3 A) were all still appreciably elevated at the
end of each record, with the amount of elevation increasing
with the amplitude of the preceding depolarizing pulse.

FiGURE 3 Comparison of simultancously recorded
fura-2 and AP III signals for depolarizing pulses of
various amplitudes in a voltage-clamped skeletal
muscle fiber. (4) Ratio signals (R) of fura-2 fluores-
cence at 380 nm excitation (Fy,) to that at 358 nm
excitation (F,) for 100-ms pulses from —100 mV to
the indicated membrane potential. Each signal is
presented as —R. The changes in baseline levels of
the signals indicate that the resting [Ca?*] increased
during the course of the recordings, from 13 to 27 nM
using the calibration values in Fig. 6, legend. (B)
Antipyrylazo IIT absorbance signals Ad,y, at 700 nm
recorded simultaneously with the fura-2 signals in 4
and corrected for changes in AP III concentration by
dividing by the resting absorbance A, due to AP III
at 550 nm. The total absorbance signal at 700 nm was
corrected for dye-independent intrinsic components
by subtracting the simultaneously recorded 850 nm
absorbance signal scaled by (850/700)"2 (Melzer et

al., 19865). Each record in A4 and B is the average of four successive applications of the same pulse at 30- or 45-s intervals. The AP III concentration
increased from 393 to 460 uM for the sequence in 4 and B while F,,, increased by 8%. Fiber 377, 3.9 um per sarcomere, 9.0°C.

976

BI1OPHYSICAL JOURNAL VOLUME 53 1988



The elevated fura-2 signal at the end of each record, with
little or no elevation of the corresponding AP III signal, is
again consistent with the difference in calcium affinities of
the two indicators.

Third, the fura-2 fluorescence signals before the pulses
in Fig. 3 4 had different baseline levels. This was not due
to changes in fura-2 concentration, which were normalized
by forming the fluorescence ratio, but indicates a true
change in fiber [Ca*] before the pulses. Such changes in
resting calcium could be detected with fura-2, but could
not be monitored effectively with the lower affinity AP
518

Excitation Wavelength Dependence of
Fura-2 Signals

Before examining further the differences in the fura-2 and
AP 111 signals we investigated the wavelength dependence
of the fura-2 signals to determine whether any fluorescence
components due to changes in [Mg?*] were present in the
fura-2 signals recorded from muscle fibers. The results
presented in Fig. 4 are qualitatively inconsistent with the
presence of significant components due to changes in
[Mg?*] in the fura-2 signals. The upper record in Fig. 4 4
was obtained at 380 nm excitation by repeating the pulse to
—30 mV in Fig. 3, but now recording on a slower time
scale. The lower record is for the same pulse and time base,
but with excitation at 358 nm (Methods). In calibrating
solutions, raising [Mg?*] produces a much larger increase
in fura-2 fluorescence at 358 nm excitation than at 380 nm,
whereas 358 nm is an isosbestic wavelength for the Ca-
fura-2 reaction (Grynkiewicz et al., 1985). The relatively
large fiber fluorescence signal obtained with 380 nm
excitation together with the absence of any significant
signal for 358 nm excitation (Fig. 4 4) thus indicates that
any magnesium component in the 380 nm signal must have
been negligible if the dye had qualitatively similar proper-
ties in the fiber and in the calibrating solutions.
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Fig. 4 B presents fura-2 fluorescence signals from
another fiber for excitation at 380 (top) and 350 nm
(bottom). In calibrating solutions formation of calcium-
fura-2 causes a decrease of fluorescence for 380 nm
excitation and an increase in fluorescence for 350 nm,
whereas formation of Mg-fura-2 causes little fluorescence
change for 380 nm and a relatively large increase in
fluorescence for 350 nm (Grynkiewicz et al., 1985). Thus,
the opposite polarity but similar time course of signals for
380 and 350 nm excitation in muscle fibers (Fig. 4 B) are
as expected for an increase in fiber [Ca?*] during the pulse.
The records for 380 and 350 nm excitation in Fig. 4 B were
arbitrarily scaled to have the same peak value. The record
in the center of Fig. 4 B is the sum of the top and bottom
records. The fact that it is essentially flat demonstrates
that the signals at 380 and 350 nm excitation had the
identical temporal waveform. Given the difference in
spectral properties of the calcium- and magnesium-fura-2
complexes, the only way that a significant magnesium
component could have been present in the fura-2 signals at
380 and 350 nm in Fig. 4 B would be for the magnesium
and calcium signals to have had the same temporal wave-
form. This is highly unlikely because the changes in
myoplasmic [Ca?*] and [Mg**] appear to follow very
different time courses (Baylor et al., 1982a and b).

Comparison of Fura-2 Signals in Fibers and
in Calibrating Solutions

The excitation wavelength dependence of fura-2 signals
from muscle fibers (Fig. 4 and other fibers) differed
quantitatively from the wavelength dependence of the
fluorescence changes due to raising [Ca®*] in fura-2
solutions in a glass tube on the same set-up. The latter were
determined from differences in fluorescence between inter-
nal solution with 1 mM added EGTA or with 0.5 mM
added calcium, both containing 10 or 50 uM fura-2 and 0,

M‘aae
o

FIGURE 4 Excitation wavelength dependence of the
fura-2 fluorescence signals in skeletal muscle fibers. (4)
Fura-2 fluorescence signals recorded for successive appli-
cations of a 100-ms pulse to —30 mV using either 380 or
358 nm excitation and signal-averaged four times. To
correct for differences in incident light intensity the
signal at 358 nm was multiplied by the ratio of intensities
(380/358 nm) at the level of the fiber. (B) Fura-2
fluorescence signals from another fiber for successive
applications of a 30-ms pulse to —20 mV, with excitation
at either 380 or 350 nm (signal-averaged three and four
times, respectively). The 350-nm signal was scaled by a
factor of k (=5.4) so as to have the same peak amplitude

Fas0 * Faso)

as the 380-nm signal. The middle record is the sum of the top and bottom records. The fact that it is essentially flat demonstrates that the signals at 380
and 350 nm excitation had an identical temporal waveform. (4) Same fiber and conditions as Fig. 3. (B) Fiber 391, 4.0 um per sarcomere, 8.5°C.
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500, or 1,000 uM AP III. Fluorescence differences
between these two solutions should correspond to a change
from completely calcium-free fura-2 to completely calci-
um-complexed fura-2.

For 358 nm excitation, there was a 30% increase in
fluorescence on changing from zero to saturating calcium
in the fura-2 solution in the tube. Because calcium com-
plexation increases fura-2 fluorescence below the isosbestic
wavelength and decreases it above the isosbestic wave-
length (Fig. 4 and Grynkiewicz et al., 1985), our nominal
358-nm filter was below the isosbestic wavelength for
fura-2 solution in a tube on our set-up. In contrast, 358 nm
was specifically set (Methods) to be the isosbestic wave-
length for fura-2 in muscle fibers on the same set-up. The
ratio of the fluorescence changes at 380 nm to 350 nm for
increasing [Ca’*] in the solutions was 2.7. The value of the
ratio of fluorescence changes at 380 to 350 obtained from
the scale factor used for the muscle fiber in Fig. 4 B was 5.4
and the mean value from five fibers was 5.9. The value of
— R,..,» Which is equal to — R when all fura-2 is complexed
with calcium, was —0.11 for the high [Ca®*] fura-2
solution in the tube but was found to equal —0.34 in 18
muscle fibers (Table I). Finally, — R, the fluorescence
ratio for calcium-free fura-2, was —1.34 in solution and
—1.91, or perhaps even more negative, in muscle fibers.
The more negative values of both —R,,, and — R, in

muscle fibers compared with solutions are consistent with
differences in spectral properties reported for fura-2 in
PtK, cells and in nonviscous calibrating solutions, and
attributed to increased cytoplasmic microviscosity in the
cells compared with the calibrating solution (Poenie et al.,
1986). Also, in intact muscle fibers, measurements of
steady-state fluorescence anisotropy indicated that fura-2
in myoplasm is significantly less mobile than free dye in a
salt solution at the viscosity expected for myoplasm (Bay-
lor and Hollingworth, 1987).

All of these results demonstrate real differences in the
spectral properties of fura-2 in solution in capillary tubes
and fura-2 in muscle fibers on the same set-up. Because of
these differences we have attempted to use parameters
determined for fura-2 in the muscle fibers themselves
wherever possible. It is only for calculating the concentra-
tion of fura-2 in a fiber (Fig. 2) that we use the tube
calibration. All other results in this paper rely on calibra-
tions based on the values of —R,;, and —R,,, obtained
from muscle fibers. We have not determined whether the
observed differences in spectral properties of fura-2 in
fibers and in solution in a tube on the same set-up are due
to a true difference in the state of fura-2 in solution and in a
fiber or whether they are just due to some optical differ-
ence between the tube and fiber and not due to a difference
in the dye.

TABLE I
FURA-2 CALIBRATION PARAMETERS FROM LEAST-SQUARES FITTING ANALYSIS

Koa ko —Rpux Resting [Ca’*]
Fiber Kp
Value SD Value SD Value SD 60 min 90 min

x 1°M~'s~! x 1°M~'s~! st st nM nM nM
370 3.67 0.113 29.2 0.97 79.6 -0.29 0.005 17 33
377 1.11 0.015 20.6 0.29 186.4 —-0.38 0.004 11 35
379 1.80 0.041 9.1 0.15 50.4 -0.69 0.006 12 22
380 1.92 0.056 10.6 0.28 54.9 -0.67 0.008 7 18
385 1.95 0.057 10.8 0.30 55.3 -0.38 0.002 36 88
386 0.98 0.027 12.8 0.32 130.8 -0.32 0.004 111 147
387 1.18 0.028 9.0 0.21 76.5 -0.34 0.004 62 130
392 1.21 0.023 12.3 0.22 101.9 -0.34 0.001 80 139
394 2.18 0.028 9.2 0.14 42.3 -0.32 0.002 28 34
396 1.25 0.011 8.5 0.08 68.1 -0.20 0.002 114 139
399 1.18 0.015 6.7 0.07 56.8 -0.23 0.002 38 55
400 1.06 0.014 5.8 0.05 56.1 -0.24 0.003 44 155
401 0.90 0.010 8.4 0.08 93.9 -0.10 0.002 67 104
402 1.36 0.008 74 0.07 54.6 -0.16 0.001 47 240
403 1.55 0.031 20.0 0.27 129.0 -0.24 0.006 45 82
404 2.13 0.029 14.8 0.15 69.6 -0.36 0.003 43 55
409 0.51 0.007 9.8 0.11 191.0 -0.39 0.002 71 276
411 0.94 0.008 8.9 0.06 949 -0.35 0.002 54 71
Mean 1.49 119 88.7 -0.34 49 101
SEM +0.17 +1.4 +10.5 +0.04 +8 +18

Entries for ko, ko, and ~ R,,, are given as the least-squares value + SD of the fit. K is k.g/ k... Resting [Ca?*] was determined from the calculated Kp,
and the ratio — Fyg/ Fys4 in each fiber at 60 and 90 min after exposing the cut ends of the fiber to internal solution containing 1 mM AP III and 50 uM
fura-2. The value of —R,y, was —1.91 for each fiber, temperature 8-10°C. In fibers 399—411 the normal internal solution (Kovacs et al., 1983) was
replaced by a similar solution, but without any added [{Ca?*] and with S mM Na, creatine phosphate.
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Calcium Transients Calculated from the
AP III and Fura-2 Signals

The fura-2 fluorescence signals were consistently slower
than the simultaneously recorded AP III absorbance sig-
nals (Fig. 3 and other fibers). The excitation wavelength
dependence of the fura-2 signals indicated that compo-
nents due to slow changes in [Mg?*] cannot be the cause of
the slow fura-2 signals. The next point to consider was
whether the difference in time course could simply be a
result of calcium saturation of the dyes leading to nonlin-
earity in the relationships between [Ca’*] and fura-2
fluorescence or AP III absorbance. For fura-2 the nonlin-
earity could be quite severe due to near maximal complex-
ation of this relatively high affinity indicator with calcium
during a relatively large calcium transient. For AP III the
relationship should be closer to linearity due to lower
fractional calcium complexation of this relatively lower
affinity indicator during a calcium transient. To correct for
the effects of indicator saturation, calcium transients were
calculated from the fura-2 and AP III signals assuming
both dyes to be in instantaneous equilibrium with [Ca?*].

Fig. 5 A presents calcium transients for a 30-ms pulse to
—20 mV calculated from simultaneously recorded fura-2
and AP III signals assuming instantaneous equilibration of
both dyes with calcium. Conversion from the observed
fura-2 ratio signal to [Ca’*] under the assumption of
instantaneous equilibration of calcium with fura-2 (Eq. 3)
required values of two parameters, — R, and — R, ;,. The
value of — R, (—0.40) used in Fig. 5 4 was the maximum
value of — R observed for large pulses applied to this fiber
(not shown), and — R, was set to —1.91. For comparison
of time courses, the two calculated calcium transients have
been arbitrarily scaled to the same peak amplitude. The
calcium transient calculated from the AP III signal is
clearly faster than the one calculated from fura-2, indicat-
ing that the two indicators cannot both be faithfully
monitoring the same actual calcium transient. The time
course of at least one of the calculated calcium transients
must be distorted.

The [Ca?*] transient calculated from the fura-2 signal
assuming instantaneous equilibration of fura-2 with
[Ca®*] is a function of the parameters — R, — Ru,» and
Kp (Eq. 3). It was thus important to determine whether the
fura-2 [Ca®*] transient could have been artifactually
slowed by improper estimation of the values of those
parameters. K, appears as a simple scaling factor in Eq. 3
and thus cannot influence the time course of a fura-2
[Ca?*] record scaled to a set peak as in Fig. 5 4. Because
the maximum observed value of — R could be less than the
true value of —R,,, we arbitrarily increased the value of
— R, to —0.30, which was slightly more positive than the
mean value of —R,,, obtained from 18 fibers (Table I).
The recalculated and scaled fura-2 calcium transient (not
shown) had essentially the same time course as the fura-2
calcium transient in Fig. 5 4. Because the value of —Rin 1
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FIGURE 5 A comparison of [Ca?*] transients calculated from simulta-
neous measurements of AP III absorbance and fura-2 fluorescence using
various alternative assumptions regarding the properties of the dyes in
muscle fibers. These transients were elicited by a 30-ms depolarizing
pulse to —20 mV. All [Ca®*] transients calculated from the AP III
absorbance change were obtained assuming instantaneous equilibration
of Ca?* and AP III. (4 and C) [Ca**] transients calculated from AP I1I
absorbance and fura-2 fluorescence ratio changes assuming instantaneous
equilibration between fura-2 and [Ca?*] (Eq. 3). The fura-2 [Ca®*]
record was scaled to match the peak of the AP I11 signal. In C the [Ca*]
transient calculated from the AP III absorbance change was obtained
assuming only one-third of the total AP III in the fiber to be available to
bind calcium. Note the 15-fold difference in the calibration scales (far
right). (B and D) The same [Ca?*] transients calculated from AP III as
shown in 4 and C are replotted together with [Ca’*] transients
calculated from fura-2 assuming finite on and off rate constants for
[Ca?*] binding to fura-2. The on and off rate constants were determined
by least-squares fitting of the fura-2 calcium occupancy calculated from
the AP III [Ca®*] record to the observed fura-2 ratio signal (see text). (B)
ko = 0.53 x 108 M™'s™ kg = 10.2 57", (D) koo = 0.04 x 10° M~'s~;
kor = 8.957". In all fura records —R,,, = —0.40 and —R,;, = —1.91.
Fiber 409, 9.0°C, diameter 80 um, 4.0 um per sarcomere.

mM EGTA might not correspond to completely calcium-
free fura-2, we next arbitrarily decreased the value of
— Ry, to —2.2. This change also had no effect on the
scaled fura-2 calcium transient (not shown). It thus
appears that the time course of the calcium transient
calculated from the fura-2 signal assuming instantaneous
equilibration of [Ca’*] with fura-2 will be essentially the
same over the reasonable range of values of —R,;, and
—-R,...

Each of our measured signals gives the spatial average of
fluorescence or absorbance over the entire illuminated
region of the fiber. Theoretical calculations have shown
that for certain parameter values rather steep spatial
gradients of [Ca®*] may be predicted to exist within a
single half sarcomere, especially during the relatively rapid
phase of calcium release (Cannell and Allen, 1984). This
raises the question of whether the difference in time course
of the fura-2 and AP III signals could be due to spatial
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nonuniformity of [Ca®*] in a fiber. Model calculations (not
shown) using simplifying assumptions indicated that if
both fura-2 and AP III are assumed to equilibrate instan-
taneously with [Ca®*], spatial gradients of [Ca®*] will not
give rise to an artifactually faster calculated [Ca®*] signal
from AP III than from fura-2. The first of two models
considered two volumes with a 10-fold difference in
[Ca?*], whereas the second model assumed a linear spatial
gradient of [Ca?*] in one dimension. When scaled to the
same peak value the [Ca®*] calculated from the simulated
fura-2 signal rose more quickly and decayed more slowly
than that calculated from the simulated AP III signal for
both models. Thus, spatial gradients of [Ca?*] do not
appear to be the source of the difference in time course of
the [Ca?*] transients determined from fura-2 and AP II1
assuming both dyes to be in instantaneous equilibrium with
[Ca?*] (Fig. 5 A4).

Another interpretation of the difference in time course
of calcium transients derived from the fura-2 and AP III
signals in Fig. 5 A is that fura-2 equilibrates more slowly
with [Ca?*] than does AP III. In Fig. 5 B we compare the
same AP III calcium transient as in Fig. 5 4 with a fura-2
calcium transient calculated assuming noninstantaneous
equilibration of fura-2 with [Ca®*]. Spatial gradients of
[Ca?*] have been ignored here and in all further calcula-
tions in this paper. The values of — R,,, and — R, used to
calculate the fura-2 [Ca’*] transient were the same as used
in Fig. 5 A. The values of the on and off rate constants
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(0.53 x 10* M~'s~! and 10.2 57!, respectively) for the
Ca-fura-2 reaction were chosen by a least-squares fit of the
AP I1I signal to the fura-2 signal for this pulse using the
procedure described in detail below in relation to Fig. 6.
The close agreement of the two calcium transients in Fig.
5 B shows that the simultaneously recorded AP III and
fura-2 signals are compatible with both indicators monitor-
ing the same [Ca®*], AP III by essentially instantaneous
equilibration with [Ca®*] and fura-2 with a kinetic delay.

Possible Influence of Bound AP 111

Conversion of the AP I1I absorbance signal to [Ca®*], and
in turn, the determination of fura-2 on and off rate
constants depends on the AP III concentration in the fiber
available to bind calcium. Careful analysis of AP I
diffusion into and out of cut muscle fibers has indicated
that on average about two-thirds of the AP III in a fiber
may be bound to intracellular constituents (Maylie et al.,
1987). A similar conclusion was reached regarding AP III
injected into intact fibers (Baylor et al., 1986). This raises
the possibility that the difference in time course of the
[Ca?*] transients calculated from the AP III and fura-2
signals assuming instantaneous equilibration of both dyes
(Fig. 5 A) might somehow result from the presence of
bound AP III. In this case some property of bound AP III
would have to make the AP III absorbance signal faster
than the real [Ca?*] transient, rather than a kinetic delay

FIGURE 6 Determination of the kinetic and optical constants for the
Ca-fura-2 reaction in skeletal muscle fibers so as to produce self-
consistent [Ca?*] transients from simultaneous fura-2 and AP III
signals. (A4) Fura-2 signals recorded experimentally (unmarked), and
superimposed theoretical fura-2 signals (*) calculated from the
simultaneously recorded AP III calcium transient and fit to the
experimental records. The parameter values obtained from the fit
were — Rpy, = —0.39, ko = 1.10 x 10* M5~} and kg = 17.5s7".
The value of — Ry, Was set to —2.00. (8) {Ca?*] transients calculated
from AP III absorbance signals (less noisy) and from the simulta-
neously recorded fura-2 fluorescence ratio signals (noisier) using the
same values of — Ry, — Ruass Ko, and Koz as in 4. Same experimental
records as in Fig. 3, 4 and B. The membrane potential during each
pulse is indicated between the fura-2 and the [Ca?*] records for the
pulse.
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in the calcium-fura-2 reaction making the fura-2 signal
slower than [Ca®*] as assumed for Fig. 5 B.

Assuming that bound AP III is completely unreactive
with calcium, two extreme possibilities can be considered.
In the first case bound AP III is assumed to be in rapid
equilibrium with free AP III. In this case all AP III in the
fiber is potentially available to react with calcium during a
calcium transient, but the effective dissociation constant of
the calcium AP III reaction will be increased. Because the
predominant Ca:AP III stoichiometry for the [Ca®*] and
[AP III} concentrations in muscle fibers is 1:2 (Rios and
Schneider, 1981; Hollingworth et al., 1987), the value of
the effective Kj, will be increased by (1/¢)? where ¢ is the
fraction of calcium-free AP III that is not bound to
cytoplasmic constituents. The [Ca®*] transient calculated
from the AP I1I signal using this Ky, will be (1/¢)* times
larger than that in Fig. 5 A4, but when scaled to the same
peak value would have the identical time course. Thus, this
case would not alter the relative time courses of the [Ca**]
transients calculated assuming both AP III and fura-2 to
be instantaneously equilibrating with [Ca®*].

In the second case the AP IIl bound to cytoplasmic
constituents is assumed to remain bound throughout the
calcium transient. In this case the effective concentration
of AP 111 will be reduced to ¢ times the total concentration
of AP III in the fiber but the K}, of the unbound AP III will
not be altered. The faster of the two [Ca”*] records in Fig.
5 C was obtained for this case assuming two-thirds of the
AP IIl in the fiber to be irreversibly bound and unreactive
with calcium, and the remaining one-third to be in instan-
taneous equilibrium with [Ca®*]. Its time course is actually
slightly faster than the [Ca®*] record calculated assuming
all AP III to be available for reaction (Fig. 5 A). The
change in time course of the AP III calcium transient in
Fig. 5 C compared with that in Fig. 5 4 arises from the
greater correction for saturation of AP III by calcium
when the AP III concentration is assumed to be less than
the total AP III content of the fiber. The slower [Ca®*]
record in Fig. 5 C was obtained assuming fura-2 to be in
instantaneous equilibrium with [Ca?*] and is the same as
the fura-2 [Ca®*] record in Fig. 5 A.

In Fig. 5 D the one and off rate constants for the calcium
fura-2 reaction have been adjusted to make the fura-2
[Ca**] record fit the AP I [Ca®*] transient in Fig. 5 C,
which is replotted in Fig. 5 D. In this case the agreement of
the [Ca®*] transients calculated from the two signals is not
as close as in Fig. 5 B. This difference in goodness of fits
could be taken as evidence that the assumption of rapid
equilibration of free and bound AP III may be more
reasonable than that of slow equilibration or irreversible
binding.

The general conclusion from this consideration of bound
AP III is that for two of the most straightforward cases to
analyze the presence of bound AP IIT would not speed up
the measured AP III signal relative the true [Ca’*]
transient. Thus, the presence of bound AP III cannot be
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taken as an explanation for the difference of fura-2 and AP
I1I [Ca®*] transients. In general, it is easy to imagine that
slow dissociation of bound AP III and its subsequent
reaction with calcium could in principle give rise to a
component of the AP III signal that is delayed relative to
the actual [Ca®*] transient, but it is difficult to imagine a
reaction scheme whereby the AP I1I signal would be faster
than the true [Ca”*] transient.

Calibration of Fura-2 in Muscle Fibers

The fura-2 and AP II signals recorded simultaneously
provide sufficient information to evaluate the kinetic rate
constants (Baylor et al, 1985b) of the calcium-fura-2
reaction and also to calibrate the fura-2 signals to be
consistent with the AP IIl calcium transients. The
approach is based on the assumptions that both signals
were produced by the same calcium transient and that
noninstantaneous equilibration of the Ca-fura-2 reaction
delayed the fura-2 signal relative to the true free calcium
transient, which was more closely approximated by the
more rapidly equilibrating AP III. The procedure is illus-
trated in Fig. 6. The unmarked records in Fig. 6 A4 are the
experimentally measured fura-2 signals from Fig. 3 A, but
with the ordinate scale now expressed in terms of the
percent saturation of fura-2 by calcium (Eq. 2). Conver-
sion from fluorescence ratio to percent saturation was
carried out after the value of — R,,, had been determined.
The starred (*) records in Fig. 6 A4 are theoretical fura-2
signals calculated from the simultaneously measured AP
III calcium transients (Fig. 3 B) and fit to the family of
experimentally measured fura-2 signals over the interval
from the start of the depolarization to the vertical line in
each panel.

The fit shown in Fig. 6 was carried out using an iterative
computer routine that was generally similar to the com-
puter fitting routine used by Melzer et al. (1986a) to
obtain an overall simultaneous least-squares fit of a model
to several different calcium transients from the same fiber.
The present program adjusted the values of the on and off
rate constants (k,, ko) for the calcium-fura-2 reaction
and the value (—R,,,) of —R for complete reaction of
fura-2 with calcium. For Fig. 6, the values were adjusted to
produce a simultaneous least-squares fit of all four theoret-
ical fura-2 records to the experimental ones over the
indicated interval. The theoretical fura-2 signals were
calculated assuming AP III to be in instantaneous equilib-
rium with [Ca?*]. The fraction of the total fura-2 in the
fiber that was calcium-reacted (CaD) was obtained from
the AP III [Ca®*] record by numerical solution of Eq. 4
and the theoretical fura-2 ratio signal (—R) was calcu-
lated from CaD using a rearrangement of Eq. 2. The initial
value of CaD at the start of each record was calculated
from the starting value of — R for that record using the
values of &, k.4, and R, from the previous iteration. The
value of — R, could not be uniquely determined by the
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fitting program, presumably because no records in Fig. 6
approached the fluorescence level for complete dissociation
of calcium from fura-2. The value of — R, used for the fit
in Fig. 6 A was within the range of values of — R obtained
from three other unstimulated fibers in which 1 mM
EGTA was added to the cut-end solution.

The fits in Fig. 6 4 were obtained using a single set of
parameter values and were quite good over the entire fit
interval for all records. This provides a quantitative indica-
tion that saturation and kinetic delays in the Ca-fura-2
reaction were sufficient to account for most of the differ-
ences between the AP 111 and fura-2 signals in Fig. 3. The
parameter values obtained from the fit were —R,,, =
—0.39, k,, = 1.10 x 108 M~'s™!, and kg = 17.557".

The results of fits similar to that in Fig. 6 A4 carried out
on 18 different fibers are presented in Table I. For these
fits — R.;,, the limiting value of the fluorescence ratio — R
when fura-2 is in the calcium-free form, was set to —1.91.
The mean + SEM values of &k, and k4 were 1.49 + 0.17 x
10] M~'s™' and 11.9 =+ 1.4 s7', respectively. Our mean
value for kg is roughly similar to the value of 25 s™' (at
16°C) reported recently for fura-2 in intact frog skeletal
muscle fibers by Hollingworth and Baylor (1987) and
Baylor and Hollingworth (1987), using a similar method.
It is much lower than the value of k. of 80 s~! determined
in a 100 mM KClI solution at 20°C using a stopped-flow
spectrofluorometer (Jackson et al., 1987). The mean value
of the dissociation constant (Kp) for the Ca-fura-2 reac-
tion, which equals k. /k,,, was 88.7 + 10.5 nM. This is
close to the Ky value of 135 nM reported for fura-2 in
calibrating solutions (100 mM KClI, 20°C; Grynkiewicz et
al., 1985). If an appreciable fraction of the AP III in
muscle fibers were bound to myoplasmic constituents
(Maylie et al., 1987) and if bound AP III did not react with
calcium, both the amplitude of the AP III [Ca®*] tran-
sients (Maylie et al., 1987 and Fig. 5, above) and the
fura-2 Kp calculated therefrom as in Fig. 6 4 and Table I
would be larger than the values given here. As discussed in
relation to Fig. 5, if two-thirds of the AP HI in fibers were
bound (Maylie et al., 1987) but in rapid equilibrium with
unbound AP III, the AP III [Ca’*] transient would be nine
times larger than calculated assuming all AP III to be
immediately available for reaction with calcium. In that
case the K, and resting values of [Ca®*] would be nine
times greater than the values reported in Table I. Interest-
ingly, for the case of rapid equilibration of free and bound
AP III the increase in Ky was produced entirely by a
decrease in the value of k,, with the value of ku
unchanged. For the case of irreversibly bound AP III the
value of k. was actually slightly less than that obtained
assuming all AP III to be free and immediately available
for reaction with [Ca®*] (Fig. 5, legend). Thus the
disagreement between values of k., in fibers and in
calibrating solutions cannot be attributed to an error in the
scaling of the AP III [Ca?*] transient due to the presence
of bound AP III.
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For the fits in Fig. 6 4 and Table I, AP 111 was assumed
to be in instantaneous equilibrium with [Ca®*]. Slightly
better fits of the theoretical to experimental fura-2 signals
were obtained when the calcium-AP III reaction was
assumed to be noninstantaneous. Previous comparison of
simultaneous signals from AP III and azo-1 also indicated
that the two signals could be better reconciled if AP III was
assumed to react with [Ca®*] with a slight kinetic delay
(Baylor et al., 1985b). For the present calculations the
dissociation constant for the calcium-AP III reaction was
set at 17,500 uM? (Kovacs et al., 1983) and several
different values were tried for the on rate constant of the
reaction. The best fits were obtained with an on rate
constant of 4 x 10* uM~2s~". In this case both k,, and k.
for the Ca-fura-2 reaction were decreased (by 16 + 1%
and 11 £ 2%, respectively, for the 18 fibers in Table I) and
the mean value of K, was slightly increased (by 6 + 1%)
compared with when AP III was assumed to be in instanta-
neous equilibrium with [Ca®*]. The values of — R,,,, were
the same whether or not AP III was assumed to be in
instantaneous equilibrium with calcium. Because the cor-
rection for noninstantaneous reaction of AP III with
calcium is somewhat arbitrary and relatively minor, we
have used the fura-2 parameters obtained without correc-
tion for the AP III reaction kinetics.

The records in Fig. 6 B present the calcium transients
obtained from the AP III absorbance signals (less noisy)
superimposed on the calcium transients calculated from
each of the corresponding fura-2 ratio signals (noisier)
using Eq. 5 with the same parameter values as in Fig. 6 4.
Near the peak of the calcium transients in Fig. 6 B the
[Ca®*] records calculated from the fura-2 signals are quite
noisy, especially for the largest pulse (bottom). When the
Ca-fura-2 reaction was near saturation, noise in the fura-2
ratio signal corresponded to relatively larger changes in
free calcium than when fura-2 was far from saturation
because the term (R, — R) in the denominator of Eq. 5
approached zero.

The vertical line crossing each pair of [Ca®*] records in
Fig. 5 B marks the identical point in time as the vertical
line crossing the corresponding fura-2 fluorescence signals
in Fig. 6 A. It marks the end of the interval used for the fit
in Fig. 6 4. The records and vertical lines in Fig. 6 B show
that by the end of the interval chosen for the fit, the AP III
[Ca®*] signal had fallen to close to its resting level. Thus
the correction for an intrinsic signal (Kovacs and Schneid-
er, 1977; Baylor et al., 1982b; Melzer et al., 1986a) and the
possible presence of a small component due to slow changes
in [Mg?*] (Baylor et al., 1982a) in the AP III absorbance
signal (Baylor et al., 1985a) would be relatively more
important after the vertical line than earlier in the record.
This may account for the divergence of experimental and
theoretical fura-2 signals at late times in Fig. 6 4 and
justifies restriction of the fit interval to earlier times when
these effects should have been less significant. If the fura-2
calibration parameters obtained during the fit interval are
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valid, then the [Ca®*] transient calculated from the fura-2
signal should be reliable both during and after the fit
interval. At relatively late times the [Ca®*] record calcu-
lated from the fura-2 signal should be even more reliable
than that calculated from the AP III signal due to the
absence of [Mg?*] and intrinsic components from the
fura-2 signal. Despite the differences in the measured and
calculated fura-2 records after the fit interval in Fig. 6 A4,
the differences in the [Ca®*] records calculated from the
fura-2 and AP III signals are minimal both during and
after the fit interval when the records are displayed on a
scale appropriate for the full calcium transient as in Fig.
6 B.

Resting [Ca®*] in Cut Muscle Fibers

The calibration of fura-2 in Table I provides the necessary
parameters for calculating the resting level of [Ca®*] from
the values of — R determined in those fibers at rest. The
values obtained at ~60 and 90 min after applying the
dye-containing internal solution to the cut ends of the
fibers are presented in the last two columns of Table I. The
fibers were held at 0 mV during much of the first hour
after dye application and were polarized to —100 mV
about 5-10 min before determining the [Ca?*] value for
1 h of dye exposure. The mean value of [Ca®*] after 1 h of
exposure to the dye containing internal solution was 49 +
8 nM. Considering the presence of 100 uM EGTA and
50 uM fura-2 in the internal solution, both of which would
tend to lower [Ca?*], this value seems acceptably close to
values of resting [Ca®*] obtained in intact frog muscle
fibers with calcium-sensitive microelectrodes (55 nM by
Coray et al., 1980; 120 nM by Lopez et al., 1983).
However, as discussed above, all calculated values of
[Ca**] in Table I and elsewhere in this paper would have to

(ca")
(M)

be increased if some of the AP III in the fiber were bound
and unreactive with calcium when bound.

During the half hour after the first [Ca?*] determina-
tions in Table I various different pulse protocols were
carried out on the fibers. At the end of this half hour the
resting [Ca®*] had increased in every fiber, on average to
101 + 18 nM. A slow rise in resting [Ca’*] during the
course of the experiment was typical of all fibers studied. It
usually became greatly accelerated just before fiber deteri-
oration, which was indicated by a large increase in holding
current often accompanied by swelling or contracture of
the fiber.

The values of [Ca®*] for the first four fibers in Table I
were considerably lower than the values for the rest of the
fibers in the table at both 60 and 90 min after exposure to
dye. The last values of [Ca’*] recorded in these fibers just
before fiber deterioration (not presented in the table) were
also lower than in the other fibers, suggesting a possible
systematic underestimate of [Ca”*] in these fibers.

Simultaneous High and Low Sensitivity
Recording of [Ca®*] Transients

The results in Fig. 6 indicate that self-consistent estimates
of the complete time course of calcium transients in
skeletal muscle fibers can be obtained by the combined
application of AP I1I and fura-2, using AP I1I for the large
and fast changes and fura-2 for the smaller, slower compo-
nents. In Fig. 7 we apply this approach to study the effects
of pulse duration on the [Ca’*] transients. Fig. 7, 4 and B,
present the same family of [Ca’*] transients calculated
from the AP III signals for pulses of 5-100 ms duration to
—20mV (bottom), but displayed on a relatively faster time
scalein A thanin B. Fig. 7, C and D, give fura-2 signals on

FIGURE 7 Calcium transients in a skeletal muscle fiber
recorded simultaneously with antipyrylazo III and fura-2
for pulses of constant amplitude but varying duration. (A4

(ca?*) and B) [Ca®*] records calculated from AP III absorbance

signals at 700 nm. The same records are presented in 4 and
B on different time scales. (C) Fura-2 percent saturation
calculated from fura-2 fluorescence ratio signals recorded
simultaneously with the AP Il signals in 4 and B. Same

0.5

X Saturation

70
- t =100 ms

m = N w=

(ca?)

time scale as in A. (D) [Ca®*] records calculated from the
fura-2 signals in C, presented on the same time scale as
used for B. Because of the expanded [Ca?*] axis used in D,
the [Ca®*] records were out of range during the pulses.
When in range, the amplitudes of the “maintained” levels
0.1 of [Ca®*] after the pulses increased as the pulse duration
(¢, bottom) was increased from 5 to 100 ms. The values of
the fura-2 constants obtained for this fiber as in Fig. 6 and
0.08 used in Cand D were —R,,, = —0.32, k,, = 3.65 x 10?
M- 's7!, ke = 24 s7' (—Rpus— —2.00, as in Fig. 6,
legend). Fiber 370, 4.0 um per sarcomere, 8.5°C, [AP III]
0 555-613 uM, fura-2 F,sq4 increased by <5% during the
sequence.
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the same two time scales as used for the simultaneously
recorded AP III calcium transients in Fig. 7, 4 and B,
respectively. Fig. 7 C presents the fura-2 percent satura-
tion signals, whereas Fig. 7 D shows the [Ca*] signals
calculated from the percent saturation using the fura-2
parameter values in the Fig. 7 legend. The vertical scale for
the fura-2 [Ca®*] records (Fig. 7 D) is expanded 10-fold
compared with the scale for the AP III [Ca®*] records in
Fig. 7B so as to emphasize small changes in [Ca’*]
detected by fura-2. The fura-2 [Ca®*] records are thus off
scale during and shortly after the pulses, when [Ca’*] was
relatively high (Fig. 7 B). When they do come into range,
the fura-2 [Ca*] records show that there was a slowly
decaying component of the calcium transient, the ampli-
tude of which clearly increased with the duration of the
preceding depolarizing pulse. The slow component was
maintained for at least several seconds after fiber repolar-
ization (Fig. 4 and other fibers not shown).

Effect of Holding Potential
on Resting [Ca’*]

The effects of steady partial depolarization on [Ca®*] were
studied with fura-2 in a series of experiments using the
“slow sampling™ data acquisition routine (Methods). The
average value of Fy,y was determined over a 1-s period and
the determination was repeated every 5 s. Fluorescence
ratio signals (—R) were calculated for each Fj value
using the F5 values monitored before and after the time
interval over which the Fjg values were obtained. [Ca®*]
was calculated from each value of —R using the mean
values of Kp and — R,,,, from Table I, with — R_;, as used
for Table I. Relative to the time scale of the slow sampling
records, fura-2 can be considered to be in equilibrium with
[Ca?*] so that no correction was required for the fura-2
reaction kinetics and [Ca’*] was calculated from the
fura-2 ratio signal according to Eq. 3.

The results of one experiment are presented in Fig. 8.
For a 115-s depolarization from —100 to —65 mV, [Ca®*]
rose slightly from 28 to 35 nM within 30 s and then
remained roughly steady for the remainder of the depolar-
ization. On repolarization to —100 mV [Ca®*] returned to
close to its starting level. During the subsequent depolar-
ization to —60 mV [Ca®*] rose to a peak of ~61 nM within
20 s and then continuously declined from this value during
the remainder of the 150-s depolarization, approaching
what appeared to be a steady level by the end of the
depolarization. When the fiber was repolarized to —100
mV, [Ca’*] again returned to close to the level before
depolarization. The changes in [Ca’*] in Fig. 8 recorded
with fura-2 during voltage clamp depolarization of a frog
cut skeletal muscle fiber are quite similar to aequorin light
signals obtained. from intact frog fibers injected with
aequorin and subject to prolonged partial depolarization by
changes in concentration of potassium in the external
bathing solution (Snowdowne, 1985). It should be noted
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FIGURE 8 The influence of holding potential on intracellular [Ca®*}.
The fluorescence intensity at 380 nm excitation was recorded at 5-s
intervals while the holding potential was changed. The fluorescence at
358 nm excitation was recorded ~30 s before and immediately after the
squence shown. The ratio Fig/Fy was formed for each point by
interpolating between the two Fig; values. The [Ca?*] was calculated
from the ratio with — R, = —0.34, — R, = —1.91, and K, = 89 nM,
the mean values from Table I. The upper panel shows the [Ca’*] as the
membrane potential was changed from —100 mV to —65 and —60 mV
(depicted schematically in the lower panel). Fiber 410, 4.0 um per
sarcomere, 9°C.

that the depolarizations used for Fig. 8 were sufficiently
small that no change in [Ca®*] could be detected in the
AP III absorbance signals using our present apparatus,
whereas the fura-2 fluorescence provided clear evidence of
changes in [Ca?*] for such depolarizations in this and
several other fibers in which a protocol similar to that in
Fig. 8 was used. The [Ca®*] levels in Fig. 8 were calculated
using the fura-2 K, obtained under the assumption that all
AP III in a fiber is free and available for reaction with
calcium, and would be higher if an appreciable fraction of
the AP III were bound and not immediately available for
reaction with calcium.

Effects of Fiber Movement on the AP 111
and Fura-2 Signals

Our standard procedure for using AP I1I to monitor [Ca®*]
transients involves stretching fibers to remove any overlap
of the thick and thin filaments and thus eliminate fiber
movement and the related optical artifacts in the AP 111
signals. Occasionally fibers were not sufficiently stretched
to eliminate all movement. Fig. 9 A4 presents records of
relative changes in transmitted light intensity at 700 nm
from one such fiber for pulses of 30 and 120 ms to —20
mYV. The record for the longer pulse exhibits a definite
movement artifact, as indicated by the bump in the falling
phase of the record, in contrast to the smooth monotonic
decay typical of 700 nm records from other fibers that did
not exhibit movement. Direct observation confirmed the
fiber movement for depolarizations of 60 and 120 ms. The
records at 850 nm (not shown) recorded simultaneously
with the 700 nm records in Fig. 9 A4 also exhibited a large
movement artifact for the 120-ms pulse and indicated a
smaller movement for the 30-ms pulse. In contrast, the
fura-2 fluorescence signals recorded for the identical pulses
and presented in Fig. 9 C exhibit no sign of any movement
artifact for either the shorter or the longer pulse. The
relative insensitivity of fluorescence signals to movement
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FIGURE 9 Relative insensitivity of fura-2 records to movement artifact.
(A) AI/I records at 700 nm for 30- and 120-ms depolarizations to —20
mV in a fiber which exhibited movement. (B) Fluorescence signals for
380 nm excitation recorded simultaneously with the records shown in A.
(C) A[Ca?*] records calculated from the AI/I records in A after
correction for intrinsic signals using AI/I at 850 nm (not shown). Note
the remaining movement artifact on the signal corresponding to the
120-ms depolarization. (D) [Ca®*] records calculated from the fura-2
signals in B as described in text. Note the absence of a movement artifact.
ko = 1.51 x 10* M7's7!; kg = 25 57" — Ry = —0.34; and —R,;, =
—1.91. Fiber 416, 4.0 um per sarcomere, 9°C.

artifacts compared to AP III absorbance signals arises
directly from the relative changes represented by the two
signals. The AP III signal represents only a fraction of a
percent change in transmitted light intensity (Fig. 9 4) so
that a fraction of a percent change in transmitted light due
to fiber movement would produce an artifact that is as
large as the entire AP III signal. In contrast, the fura-2
signal represents the total fluorescence of the fiber so that a
given percent change in fluorescent light due to fiber
movement would produce only the same percent artifact in
the fura-2 signal. For example, in the fiber in Fig. 9 the
movement artifact in the falling phase of the 700-nm
record for the longer pulse appears to be roughly 0.1% of
the incident light (Fig. 9 4). A similar 0.1% change in
incident light intensity at 380 nm would have resulted in a
0.1% change in total fluorescence, which would be insignif-
icant in the fura-2 record in Fig. 9 C.

Fig. 9 B shows the [Ca®*] transients calculated from the
700 nm (Fig. 9 4) and 850 nm (not shown) absorbance
records in this fiber. The movement artifact is less severe in
the [Ca?*] record than in the 700-nm absorbance record
because the correction for the intrinsic signal also corrected
some but not all of the movement artifact. If the wave-
length dependence of the movement artifact had fortu-
itously been the same as the wavelength dependence of the
intrinsic signal, the correction for intrinsic signal would
have removed all of the movement artifact. Unfortunately,
this is rarely the case.

Fig. 9 D presents [Ca’*] transients calculated from the
fluorescence signals in Fig. 9 C. The values of — R,.,, kons
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and ky used to convert from fluorescence to [Ca’*]
records were obtained from fits (not shown) similar to
those in Fig. 6 using records for the two pulses in Fig. 9 and
for one intermediate duration pulse not presented in Fig. 9.
The fit interval was restricted to times before the start of
obvious movement artifacts, as judged from the 850-nm
absorbance records. The fura-2 [Ca?*] records in Fig. 9 D
are very similar in amplitude and general time course to
the AP III [Ca’*] transients in Fig. 9 B except that the
movement artifact is undetectable in the fura-2 [Ca’*]
records. This is not surprising because the raw 380-nm
fluorescence records in Fig. 9 C themselves already lack
the movement artifact. In this regard it is interesting to
note that fura-2 may be potentially even more powerful in
avoiding movement artifacts in [Ca**] records than shown
in Fig. 9. Even if a movement were sufficiently large to
produce a definite artifact in the fluorescence record at
380 nm, much or all of this artifact might in principle be
removed when taking the fluorescence ratio if the artifact
arose from a change in the amount of fura-2 located in the
excitation light beam, from a change in the intensity of
illumination of the cell by the excitation beam or from a
change in the fraction of the fluorescent light ultimately
detected. However, to accomplish this, records would have
to be obtained at both wavelengths for the same pulse with
the identical fiber movement and the fluorescence ratio
would have to be calculated point by point throughout the
time course of the records.

DISCUSSION

The apparatus and procedures presented in this paper have
allowed us to considerably extend the range of myoplasmic
[Ca®*] changes that we can monitor compared with previ-
ous studies from this or other laboratories using AP III as
the sole [Ca?*] indicator. This was achieved by using both
AP III (relatively low affinity but rapid-reaction kinetics)
and fura-2 (higher affinity but slower-reaction kinetics)
simultaneously. Both dyes were added to the solutions
bathing the cut ends of the fibers and entered the fibers by
diffusion. Simultaneous use of the two indicators was
possible with essentially no change in the elements of our
previous optical system for AP III because fura-2 is a
fluorescence indicator whereas AP III is an absorbance
indicator and the wavelengths for fura-2 excitation and
emission are well below the wavelengths that we use for
monitoring the AP III absorbance signal. Light at four
different wavelengths was used simultaneously for these
measurements: 380 nm (fura-2 excitation), 510 nm (fura-2
emission), 700 nm (AP III absorbance) and 850 nm
(intrinsic transparency signal). Light at all four wave-
lengths traversed a common path to (excitation) or from
(emission, transmission) the fiber but was routed sepa-
rately from its point of origin (excitation) or to its point of
detection (emission, transmission) by three dichroic beam
splitters of successively longer reflectance bands. Our use
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of dichroic beam splitters of successively longer reflectance
bands to split off signals of successively longer wavelengths
from a beam of mixed wavelengths is patterned after a
system recently described by Irving et al. (1987) for
monitoring absorbance signals simultaneously at three
different wavelengths. However, our implementation dif-
fers somewhat from theirs because we use one of the beam
splitters to direct incident light toward the fiber (for
fluorescence excitation) rather than to separate out a band
of light leaving the fiber. Another difference is that we
employed dichroic beam splitters rather than simple beam
splitters. This maximized the fraction of light at each
desired wavelength actually reaching each photodetector.

Our simultaneous recordings of AP III absorbance
signals and fura-2 fluorescence signals (cf. Fig. 3) clearly
illustrate the complementary advantages and disadvan-
tages of these two Ca®* indicators. The fura-2 signal is
convenient for monitoring relatively small changes in
[Ca?*] but inconvenient and, because of saturation, inap-
propriate for monitoring the relatively large [Ca’*] tran-
sients typical of skeletal muscle. In contrast, AP III is
appropriate for monitoring the large [Ca®*] transients in
muscle but is not sufficiently sensitive to reliably record
changes in resting [Ca®*] or small elevations of myoplas-
mic [Ca’*] resulting from small depolarizations. The small
residual elevations of [Ca®*] that follow the calcium
transients for relatively large calcium releases can only be
monitored by AP III with some uncertainty, whereas they
can be unambiguously recorded with fura-2. The fura-2
signal is also much less sensitive than the AP III signal to
artifacts due to fiber movement.

The simultaneous recordings of AP III and fura-2
signals also provided data for calibrating fura-2 in muscle
fibers so as to be consistent with the AP III calcium
transient. Using such calibrations the fura-2 fluorescence
ratio signal can be corrected for kinetic delays in the
Ca-fura-2 reaction. The corrected signal can then be used
to calculate a calcium transient that is quantitatively
similar to the simultaneously measured AP III calcium
transient over the interval during which both could be
reliably monitored. The combined use of the two indicators
with the fura-2 calibration also allows the resting level of
[Ca?*] from which the AP III calcium transient originates
to be determined. This was not possible using AP III
alone.

Our measurements with fura-2 indicated a gradual rise
in resting [Ca®*] during the course of almost all experi-
ments. A similar gradual rise in [Ca’*] might have caused
the gradual widening of the calcium transient produced by
an action potential during the course of the experiments of
Maylie et al. (1987) on cut frog fibers under conditions
very similar to ours. The widening could have been
produced if increased resting [Ca’*] caused increased
occupancy of slowly equilibrating myoplasmic calcium
binding sites that contribute to the lowering of [Ca®*] after
calcium release (Melzer et al., 1986a). In previous experi-
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ments with AP III as the sole calcium indicator a slow rise
in resting [Ca®*] could not have been detected.

The slow phase of decay seen in the present fura-2
signals (Figs. 4 and 7) provides the strongest evidence to
date for a slow phase in the return of [Ca?*] to its resting
level after calcium release. Previous studies using aequorin
(Cannell, 1986) or AP III (Melzer et al., 1986a) have
already indicated the existence of a small, slow component
in the decay of [Ca®*] after calcium release. However, the
aequorin signal is relatively insensitive to small changes in
[Ca?*] because aequorin luminescence is proportional to
[Ca®*]** (Blinks et al., 1982). The small, slow component
of the AP III 700-nm absorbance signal is strongly depen-
dent on the correction for a simultaneous slow change in
light transmission intrinsic to the fiber (Kovacs and
Schneider, 1977; Baylor et al., 1982b; Melzer et al.,
1986a) and may also be contaminated by a possible
magnesium signal at 700 nm (Baylor et al., 1985a) due to
prolonged elevation of [Mg?*] after calcium release (Bay-
lor et al., 1982a). Because (a) the slow phase of the fura-2
signal does not appear to be appreciably contaminated by a
magnesium signal (Fig. 4), (b) any intrinsic fluorescence
signal is negligible compared with the measured fura-2
signal, and (c) changes in pH within the physiological
range hardly affect the spectrum of either calcium-free or
calcium-complexed fura-2 (Grynkiewicz et al., 1985),
fura-2 appears to be the most reliable indicator available
for monitoring the slow component in the decline of [Ca?*]
after calcium release in skeletal muscle.

The actual concentration of fura-2 in a fiber was not
needed for calculating [Ca®*] from the fura-2 ratio signal
(Methods), but is of interest in terms of the possibilities
that fura-2 may bind to myoplasmic constituents (Holling-
worth and Baylor, 1987; Baylor and Hollingworth, 1987)
or may be excluded from the myofilament lattice (Tim-
merman and Ashley, 1986). Our results show that in cut
frog skeletal muscle fibers the equilibrium cytosolic con-
centration of free plus bound fura-2 was essentially equal
to the concentration of fura-2 applied to the cut ends of the
fiber. The simplest interpretation of this observation is that
fura-2 is neither bound to cytosolic constituents nor
excluded from the myofilament lattice. However, it is still
possible that fura-2 is both bound and excluded, but that
these two opposing effects were approximately equal so
that the fura-2 content of the fibers was equal to the end
pool concentration. Furthermore, the determination of
fura-2 content of fibers depended on the as yet unverified
assumption that the absolute absorbance and fluorescence
efficiency of fura-2 for 358-nm excitation and 510-nm
emission were the same in muscle fibers and in calibrating
solution. However, the observation that the time course of
dye entry was faster for fura-2 than for AP III in the same
fiber suggests that the fractional binding of fura-2 was at
least less than the fractional binding of AP III since the
two dyes have similar molecular weights.

Comparison of the spectral properties of fura-2 in
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resting and activated fibers with those of fura-2 in calibrat-
ing solutions revealed several differences. In muscle fibers
the isosbestic wavelength was shorter, the values of — Fig,/
F;y for calcium-free (—R,;,) and calcium-complexed
(—R,,,) fura-2 were both more negative and the ratio of
the fluorescence changes at 380-350 nm produced by
changes in [Ca®*] were larger than in calibrating solutions.
Some of these differences between fura-2 in solutions and
in muscle fibers may be due to a more viscous environment
in fibers than in solution, as suggested for fura-2 in PtK,
cells (Poenie et al., 1986). Alternatively, some of the
differences could be due to fura-2 binding in fibers, as
indicated by fluorescence anisotropy measurements on
intact fibers injected with fura-2 (Baylor and Holling-
worth, 1987). The relatively slow reaction kinetics of
fura-2 with calcium in fibers compared with solution might
also result from fura-2 binding. In any case, the possibility
of simultaneous recording with both fura-2 and AP III
provides a means of calibrating the fura-2 reaction rate
constants so as to obtain self-consistent calcium transients
with the two indicators. Using this approach some uncer-
tainty still remains regarding the absolute scale of the
[Ca?*] signals. However, the uncertainty is the same for
the [Ca?*] signals calculated for both the AP III (Maylie
et al., 1987) and the fura-2 signals so that together the two
signals do provide a means of monitoring relative changes
in [Ca®*] over a wider range than could be practically
achieved by either indicator alone.

APPENDIX

AP III absorbs light at both the excitation and emission wavelengths of
fura-2. With simplifying assumptions regarding the fiber geometry and
the optical set-up it is possible to derive a simple correction factor for the
attenuation of the fura-2 signal by the presence of AP III.

It is assumed that the fiber cross-section can be approximated as a
rectangle, and that the excitation and emission light travels through the
fiber parallel to the optical axis of the microscope (Fig. 10). (A similar
expression can be derived for an elliptical fiber but it requires a numerical
integration.)

Denote the intensity of the incident excitation light entering the surface
of the fiber by I,, and the intensity of the emitted light leaving the fiber as
I.n. From Beer’s Law, the intensity of light, I, reaching the slab at a
distance x from the top of the fiber is given by

I =1,10"@PX), (A1)
where [D] is the concentration of AP III and ¢ is the extinction
coefficient of AP III at the incident wavelength. The fura-2 within the
slab emits fluorescent light with intensity proportional to the incident
light intensity, I, and the thickness of the slab, dx. As the light passes back
through the fiber to the surface it is again absorbed by the AP III but now
at the emitted wavelength. Again using Beer’s Law, the emitted light
from the slab at x reaching the surface, dI.,,, is given by

dl ., = 110~ 1P gy, (A2)

where ¢ is a proportionality constant that depends on fura-2 concentra-
tion, fluorescence efficiency, and geometric factors, and ¢, is the extinc-
tion coefficient of AP III at the emitted wavelength. Substituting Eq. Al
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FIGURE 10 Schematic diagram of excitation and emission light paths
used to calculate the correction to the fura-2 fluorescence due to light
absorption by AP 111

into Eq. A2 and integrating over the fiber thickness along the optical axis
gives

Ln = cl, [10"1P1x
o

=cl,(1 — 107" /(In 10 ¢ [D] 1), (A3)

where ¢, = ¢, + ¢ and / is the fiber thickness. Eq. A3 can be normalized
(by dividing by I, when [D] = 0) to obtain the fractional decrease in
fura-2 emission as a function of the AP 111 dye concentration.

f=(1-10"%/(In10 A4), (A4)

where A = ¢DI. To determine f from the actual absorbance measured
during an experiment we can rewrite A as

A= aASSO’

where a = ¢,/essy, €559 is the extinction coefficient of AP III at 550 nm, and
Ass is the measured absorbance at 550 nm due to the AP III in the fiber
(=€ss0 [D]1).
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