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I N T R O D U C T I O N

The superfast fibers that surround the swimbladder of 
the Atlantic toadfish (Opsanus tau) are the fastest-contract-
ing vertebrate fibers known (Rome, 2006). They gener-
ate the fish’s mating call by vibrating the walls of the 
gas-filled swimbladder at a high frequency (80–200 Hz; 
15–25°C). To do so, the fibers contract and relax at the 
frequency of the sound, and the one-to-one relation be-
tween muscle twitches and the production of sound pulses 
makes it possible, by use of a hydrophone, to study su-
perfast fiber function remotely during undisturbed ani-
mal behaviors (Elemans et al., 2014). These fibers are 
also a source of important anatomical and biochemical 
information about the molecular components of exci-
tation-contraction coupling associated with the mem-
branes of the transverse tubules and SR (Appelt et al., 
1991; Feher et al., 1998; Felder and Franzini-Armstrong, 
2002). Because these fibers have many unusual adapta-
tions that allow them to function at high frequencies, 
they provide an exceptional model system for the study 
of Ca2+ cycling during normal muscle activity.
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Abbreviations used in this paper: AP, action potential; BTS, N-benzyl-

p-toluene sulphonamide; EDL, extensor digitorum longus; FDHM, full 
duration at half maximum.

Recently, Harwood et al. (2011) estimated the amount 
of Ca2+ that is released from the SR when a superfast 
fiber is stimulated to give a high-frequency train of action 
potentials (APs) and twitches that mimics fiber activity 
during a mating call. The estimates are based on two in-
dependent experimental approaches: (1) measurements 
of recovery oxygen consumption in the presence of the 
cross-bridge blocker N-benzyl-p-toluene sulphonamide 
(BTS) and (2) modeling of SR Ca2+ release based on mea-
surements of the change in the myoplasmic-free Ca2+ con-
centration ([Ca2+]) with furaptra, a low-affinity rapidly 
responding fluorescent Ca2+ indicator.

Because toadfish can call repetitively for many hours, 
it is also of interest to estimate the movements of Ca2+ in 
the recovery periods between sound production. Typi-
cally, individual mating calls last 0.5 s and are inter-
leaved with a silent period (the “intercall interval”), which 
lasts 10 s. One important question addressed in this 
article is whether all of the SR Ca2+ that is released dur-
ing a mating call is returned to the SR by the end of the 
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simulated with a kinetic model of the underlying myoplasmic Ca2+ movements, including the binding and trans-
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trains initiated at 10-s intervals, Ca2+ release and pumping come quickly into balance as a result of the stability 
(negative feedback) supplied by the increased rate of Ca2+ pumping at higher [Ca2+].
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606 Calcium recovery in superfast swimbladder fibers

for experimentation. Where possible, the F signal was normalized 
by FR, which was estimated in a two-step procedure. First, the raw 
measurement of resting fluorescence was corrected for the intrin-
sic fluorescence of the bundle, which contributes to the measured 
resting intensity but is not related to the presence of fluo-4. The 
intrinsic fluorescence was estimated from a region of the bundle 
that did not contain the indicator and subtracted from the raw fluo-
r escence to give FR of the fiber. Second, because the fiber FR arises 
from the indicator in both the “central core” (Appelt et al., 1991) 
and the myofibrillar region of the fiber, FR was divided by 1.46 to obtain 
the estimate of FR in the myofibrillar region (Harwood et al., 2011). 
The latter step was taken because F is thought to arise primarily 
from the myofibrillar region, and the model simulations (see next 
section) consider Ca2+-related changes, including fluo-4’s F/FR 
signal, in the myofibrillar region only. Unfortunately, it was not  
possible to make an accurate estimate of FR in all experiments. 
This situation arose because (a) the diameter of superfast swim-
bladder fibers is small, 26 ± 2 µm (mean ± SEM; range 15–35 µm; 
n = 9), (b) the amount of fluo-4 injected into the fibers was small 
so as to avoid concentrations of indicator that would have a sub-
stantial buffering effect on [Ca2+], and (c) fluo-4 is largely Ca2+ 
free in a resting fiber, and thus its fluorescence intensity is low. As 
a result, in several experiments, the raw value of resting fluores-
cence was only slightly larger than the estimated intrinsic fluores-
cence of the bundle. In this circumstance, FR, and hence the 
amplitude of F/FR, became uncertain even though the F signal 
itself could usually be recorded with a large signal-to-noise ratio. 
The calibration of the F/FR signal was not considered reliable 
unless the estimate of fiber FR was at least 50% of that of the in-
trinsic fluorescence of the bundle. Even with this criterion, the in-
dividual values of FR, and thus the amplitude of F/FR, may have 
uncertainties as large as 25%.

Baseline correction of the F signals
To track the time course of [Ca2+]’s return to the resting level 
after activity, several of the fluo-4 F signals were recorded for 

intercall interval. To understand such Ca2+ movements, 
we have injected individual superfast fibers with fluo-4, 
a high-affinity Ca2+-selective indicator, and measured the 
indicator’s fluorescence signal during and after high-
frequency stimulus trains that mimic fiber activity dur-
ing calling (e.g., 40 APs at 83 Hz; 16°C). A kinetic model 
was then used to simulate the fluo-4 signal and thereby 
quantify the Ca2+ movements on a time scale of seconds. 
On this slow time scale, the primary movements are 
those involved with the return of Ca2+ to the SR by the 
activity of the SR Ca2+ pump molecules and the unbind-
ing of Ca2+ from parvalbumin.

The measurements and simulations indicate that, after 
a single 40-AP stimulus train at 83 Hz, it takes at least 60 s 
for Ca2+ to be fully returned to the SR. If repetitive call-
ing is mimicked with a series of stimulus trains initiated 
at 10-s intervals, the results indicate that (a) at 10 s after 
the first train, 20% of the released Ca2+ has not yet been 
returned to the SR by Ca2+ pumping; (b) the amount of 
Ca2+ released in trains after the first is 80–85% of that 
released in the first train; and (c) release and pumping 
come quickly into balance in trains after the first because 
of a rise in baseline [Ca2+] and the associated increased 
rate of Ca2+ pumping. Repetitive high-frequency activity 
of a fiber can therefore continue as long as the overall 
metabolic state of the cell remains energized.

M A T E R I A L S  A N D  M E T H O D S

Ethical approval
Animal protocols were approved by the Institutional Animal Care 
and Use Committee of the University of Pennsylvania.

Experimental measurements
The experiments were performed at 16°C with methods similar 
to those described previously (Rome et al., 1996; Harwood et al., 
2011). A toadfish was sacrificed and a small bundle of swimblad-
der fibers was isolated by dissection in a fish Ringer’s solution that 
contained (mM): 132 NaCl, 2.6 KCl, 1 MgCl2, 2.7 CaCl2, 10 imid-
azole, and 10 sodium pyruvate, pH 7.7. Seven toadfish were used 
for the experiments, with measurements made from one or two fiber 
bundles per fish. Each bundle was mounted in an experimental 
chamber on an optical bench apparatus equipped for measuring 
changes in fluorescence intensity in response to AP stimulation. 
To minimize movement artifacts in the fluorescence records, the 
bundle was stretched to a sarcomere length of 2.7–3.1 µm. In most 
experiments, 5 µM BTS was also included in the Ringer’s solu-
tion, which further reduced fiber movement (Cheung et al., 2002). 
The potassium-salt form of fluo-4 (Life Technologies) was intro-
duced into the myoplasm of one fiber on the surface of the bun-
dle by pressure injection. Fluo-4’s resting fluorescence (FR) and 
changes during activity (F) were measured from a 300-µm length 
of fiber located 0.3–1 mm from the site of indicator injection.  
The band pass of the excitation and emission wavelengths were 
450–490 nm and ≥510 nm, respectively. The mean concentration 
of fluo-4 at the measurement site was 50 µM (Table 1).

F was elicited by a propagating AP or a train of APs set up by 
point-wise stimulation from a pair of extracellular electrodes lo-
cated adjacent to the bundle surface near the injection site. Only 
fibers that responded with an all-or-nothing F signal were used 

TA B L E  1

Myoplasmic concentrations of the modeled constituents  
in swimbladder fibers

Constituent Concentration Concentration of binding sites

µM µM

Resting free [Ca2+] 0.030

Resting free [Mg2+] 1,000

Troponin 106 212 (Ca2+ regulatory sites)

Parvalbumin 2,670 5,340 (Ca2+/Mg2+ sites)

SR Ca2+ pump 980 1,960 (Ca2+ transport sites)

ATP 8,000 8,000 (Ca2+/Mg2+ sites)

Fluo-4 50 50 (Ca2+ sites)

Protein 3,000 3,000 (fluo-4 sites)

All concentrations are spatially averaged and refer to the myoplasmic water 
volume in the myofibrillar region; except for free [Ca2+] and free [Mg2+], total 
concentrations are given. The concentrations are taken from Harwood et al. 
(2011), except for free [Ca2+], fluo-4, and protein (see Model simulations). 
The concentration of protein applies to the four-state reaction scheme 
between fluo-4 and protein (Table 2, E). The mean concentration of fluo-4 was 
estimated from comparisons of fluo-4’s resting fluorescence in swimbladder 
fibers with the concentration and resting fluorescence of fluo-3 estimated 
in singly dissected frog twitch fibers (Harkins et al., 1993; Hollingworth  
et al., 2000, 2001), with appropriate adjustments made for differences 
in fiber diameters. The fluo-3 concentration estimates in frog fibers are 
thought to be quite accurate because measurements of both indicator 
absorbance and fluorescence were made in these fibers (Harkins et al., 
1993), and fiber diameters can be measured accurately in frog fibers.
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indicators, a large fraction (0.8–0.9) of the indicator appears to 
be bound to myoplasmic proteins and (b) the Ca2+ dissociation 
constant of protein-bound fluo is three- to fourfold larger than 
that of protein-free fluo (Table 2; Harkins et al., 1993).

The third change involved a reduction in myoplasmic resting 
[Ca2+], 30 nM (Table 1) rather than 50 nM. This change was made 
to slow somewhat the simulated return of [Ca2+] to baseline on 
a time scale of seconds and thereby give better agreement with 
the measured fluo-4 F/FR signal on this slow time scale. The 30 nM 
value is at the low end of the range estimated for resting [Ca2+] in 
intact twitch fibers from frog muscle (30–45 nM, Rana pipiens; 
Hollingworth et al., 2001). It should be emphasized that the main 
conclusions from the simulations about the intracellular move-
ments of Ca2+ in swimbladder fibers on a time scale of seconds are 
not altered by the exact value chosen for resting [Ca2+] or for 
several other model parameters that can also be adjusted to pro-
duce a slower return of [Ca2+] to baseline, e.g., a smaller concen-
tration of Ca2+ pump molecules (Feher et al., 1998) or slower rate 
constants in the kinetic scheme of the Ca2+ pump (Harwood et al., 
2011; see also Fig. 10 described in Results).

The rate of SR Ca2+ release elicited by an AP is assumed to sat-
isfy an empirical equation defined by rising and falling exponen-
tials (Baylor and Hollingworth, 1998, 2007):
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In the case of a rested fiber, R associated with one AP (or the first AP 
of a stimulus train) was chosen so that [CaT] is 750 µM (Harwood 
et al., 2011). The time-shift parameter T simulates the delay be-
tween the external shock that generates the AP and the onset of 
Ca2+ release; its value (2–5 ms) was adjusted so that the rising phase 
of the simulated F waveform matched that of the measurement. 
1 and 2 were set to 0.80 ms and 0.32 ms, respectively, so as to 
yield a release waveform whose full duration at half maximum 
(FDHM) is 1.0 ms (Harwood et al., 2011). Ca2+ releases elicited by 
the second and subsequent APs of a stimulus train were assumed 
to follow the same functional form except that (a) each value of  
R was adjusted so that the corresponding peak of F in the simu-
lated waveform approximately matched that in the measurement 
and (b) each value of T was increased appropriately to reflect the 
time of stimulation of the corresponding AP. The success of the 
simulations was evaluated by comparing the overall time course of 
the simulated and measured F/FR waveforms. The simulations 
were performed with the mathematical modeling program MLAB 
(Civilized Software Inc.).

Statistical analysis
Statistical tests were performed in MLAB with Student’s two-tailed 
t test. Results were considered significant if P < 0.05.

R E S U L T S

Estimation of [Ca2+] and SR Ca2+ release with furaptra 
in superfast swimbladder fibers
In previous experiments at 16°C (Rome et al., 1996; 
Harwood et al., 2011), the properties of Ca2+ transients 
in toadfish swimbladder fibers were determined in re-
sponse to stimulation with either a single AP or a high-
frequency train of APs. In these experiments, [Ca2+] 
was measured with furaptra, a low-affinity kinetically rapid 
Ca2+ indicator, so the properties of [Ca2+] are reason-
ably well known. In response to one AP, the 10–100% rise 

many seconds after cessation of stimulation. All F signals of this 
type were corrected for a small drift in baseline fluorescence that 
was recorded over an identical time period but in the absence of 
stimulation. The exact source of this baseline drift is not known 
with certainty, but one contributing factor is the (net) diffusion of 
indicator along the fiber axis, into or out of the field of optical 
recording. This factor varies with the amount of indicator injected, 
the time of injection, and the distance of the recording site from 
the injection site. The baseline drift, which was measured imme-
diately before and/or immediately after all active records of long 
duration, was approximately linear in time. A straight line was fit-
ted to the baseline drift and subtracted from the associated active 
record, thereby yielding the baseline-corrected F signal. Because, 
at the end of a long sweep, the amplitude of the baseline drift was 
always a small fraction (<0.01) of the peak amplitude of the corre-
sponding active signal, the baseline-correction procedure has virtu-
ally no effect on the properties estimated for the peak of the signal.

Model simulations
The major intracellular Ca2+ movements in the myofibrillar region 
of the fiber were estimated with a single-compartment (spatially 
averaged) kinetic model. Table 1 gives the concentrations of the 
myoplasmic constituents included in the model, and Table 2 gives 
the modeled reactions and their rate constants. The selection of 
the basic model parameters is explained in Harwood et al. (2011), 
with some changes for this study noted below. The concentration 
of all variables is referred to the myoplasmic water volume in the 
myofibrillar region.

A simulation begins when an assumed flux of SR Ca2+ enters 
the myoplasm in the myofibrillar region. A set of first-order dif-
ferential equations is then used to calculate the associated changes  
in the following time-dependent variables: [Ca2+], [CaDye] (the 
change in concentration of Ca2+ bound to fluo-4), and the change 
in concentration of Ca2+ bound to the intrinsic myoplasmic Ca2+ buf-
fers, including troponin ([CaTrop]), ATP ([CaATP]), parvalbu-
min ([CaParv]), and the SR Ca2+ pumps ([CaPump]). The amount 
of Ca2+ returned to the SR by Ca2+ pumping ([CaPumped]) is 
also calculated. The time integral of the release flux gives [CaT], 
the total concentration of Ca2+ released from the SR, which also 
equals [Ca2+] + [CaDye] + [CaTrop] + [CaATP] + [CaParv] + 
[CaPump] + [CaPumped].

For the current study, three changes were made to the model-
ing parameters. First, the forward and reverse rate constants for 
the binding reactions between Ca2+ and the Ca2+ pump (Table 2, D, 
first two reactions) were doubled. This change was made to agree 
with the kinetic parameters for the Ca2+ pump used in recent simula-
tions in mouse and frog twitch fibers (Hollingworth et al., 2012; 
Hollingworth and Baylor, 2013), which are also thought to be rea-
sonable for swimbladder fibers (Young et al., 2003). With this 
change, the estimate of [CaT] elicited by an AP is 10% larger than 
that calculated in the original model 3 of Harwood et al. (2011) 
(see the first section of Results).

The second change was made because the myoplasmic Ca2+ 
transients were monitored with fluo-4 rather than furaptra. Table 2 
(E) gives the four-state reaction scheme used to model fluo-4’s 
behavior in the myoplasm, which is assumed to be like that deduced 
previously for fluo-3 (Harkins et al., 1993). The relative fluores-
cence intensities of the four states of fluo-4 are also assumed to 
be like those of fluo-3, namely Dye, 1; CaDye, 200; PrDye, 2; and 
CaPrDye, 200 (Baylor et al., 2002). With these values and with the 
reaction scheme in Table 2 (E) and the concentrations of fluo-4 
and protein in Table 1, the equilibrium relation between [Ca2+] 
and fluo-4’s fluorescence intensity is closely mimicked by a 1:1 
binding reaction in which the intensity of fluo-4 at saturating [Ca2+] 
divided by that at zero [Ca2+] is 106 and the effective dissociation 
constant of fluo-4 for Ca2+ is 2.20 µM. This value of the dissocia-
tion constant in myoplasm reflects the fact that (a) with fluo-based 
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the troponin molecules that most directly influence force 
generation, (b) the total concentration of Ca2+ that is 
released from the SR ([CaT]), and (c) the rate of SR 
Ca2+ release (calculated as (d/dt)[CaT]).

With one AP, the estimated peak of [Ca2Trop] is 
85 µM, which corresponds to 80% of the troponin 
mole cules being in the Ca2Trop state (Harwood et al., 
2011). With later APs in a high-frequency train, the esti-
mated peaks of [Ca2Trop] are smaller, as expected from 
the smaller peaks of [Ca2+] and the fast kinetics of the 
Ca2+-troponin reaction, and [Ca2Trop] returns close 
to baseline between stimuli. The decline in [Ca2Trop] 

time, peak amplitude, and FDHM of [Ca2+] are esti-
mated to be 1.8 ms, 30 µM, and 3.0 ms, respectively. 
With a high-frequency stimulus at 83 Hz, the [Ca2+] 
signals elicited by APs after the first also have a brief time 
course, but their peak amplitudes are only 20–40% of that 
caused by the first AP.

Analysis of the furaptra Ca2+ transients with a single-
compartment model like that described in Materials 
and methods permitted estimation of several important 
physiological variables, including (a) the change in con-
centration of troponin molecules whose Ca2+ regulatory 
sites are doubly occupied with Ca2+([Ca2Trop]), i.e., 

TA B L E  2

Reactions and rate constants for the modeled constituents in swimbladder fibers (16°C)

Reaction Forward rate (kon) Reverse rate (koff) Ratio (koff/kon)

s1 µM

A

Ca2+ + ATP ↔ CaATP 1.5 × 108 M21s21 30,000 200

Mg + ATP ↔ MgATP 1.5 × 106 M21s21 150 100

B

Ca2+ + Parv ↔ CaParv 1.25 × 108 M21s21 1.5 0.012

Mg + Parv ↔ MgParv 1.00 × 105 M21s21 9 91.0

C

Ca2+ + Trop ↔ CaTrop 0.885 × 108 M21s21 345 3.9

D

Ca2+ + E ↔ CaE 1.74 × 108 M21s21 6.96 0.04

Ca2+ + CaE ↔ Ca2E 1.74 × 108 M21s21 8.70 0.05

Mg + E ↔ MgE 8.70 × 104 M21s21 4.35 50

Mg + MgE ↔ Mg2E 8.70 × 104 M21s21 87.0 1,000

H + E ↔ HE Instantaneous Instantaneous (pK = 8)

H + HE ↔ H2E Instantaneous Instantaneous (pK = 8)

H + H2E ↔ H3E Instantaneous Instantaneous (pK = 6)

H + H3E ↔ H4E Instantaneous Instantaneous (pK = 5)

Ca2E ↔ E + (2 Ca) 3.48 s21 0 0

E

Ca2+ + Dye ↔ CaDye 2.33 × 108 M21s21 179 0.77

Pr + Dye ↔ PrDye 0.100 × 108 M21s21 3,670 367

Ca2+ + PrDye ↔ CaPrDye 0.150 × 108 M21s21 43.0 2.87

Pr + CaDye ↔ CaPrDye 0.100 × 108 M21s21 13,800 1,380

The first column gives the reaction steps and the second and third columns the reaction rate constants for ATP (A), parvalbumin (B), the regulatory sites 
on troponin (C), the SR Ca2+ pump (D, where E denotes Enzyme), and the indicator dye fluo-4 (E). The fourth column gives the dissociation constants 
of the reactions (koff/kon). In A, the indicated rate constants are for [K+] = 150 mM, pH = 7, and viscosity = 2 centipoise (Baylor and Hollingworth, 1998). 
In B, the parvalbumin rate constants are those in model 3 of Harwood et al. (2011). In C, the two regulatory sites on each troponin molecule are assumed 
to be independent and have identical reaction rate constants with Ca2+ (Rome et al., 1996). In D, the reaction steps are adapted from the scheme of 
Peinelt and Apell (2002), with dissociation constants involving protons expressed as pKs (shown in parentheses); the parentheses on the right-hand side 
of the last reaction in column 1 denote the two Ca2+ ions transported to the lumen of the SR with each reaction cycle. In E, “Pr” denotes protein sites 
capable of binding fluo-4 (Table 1). The fluo-4 reaction scheme is the same as that for fluo-3 (Harkins et al., 1993); the rate constants are derived from 
the values given by Hollingworth et al. (2000) for fluo-3 in frog myoplasm at 16°C in combination with information from Woodruff et al. (2002) about 
the Ca2+ dissociation constants (Kd,Ca) of fluo-3 and fluo-4 in a simple salt solution. The latter article reports that the values of Kd,Ca of fluo-3 and fluo-4 are 
similar, with a similar temperature dependence; the extrapolated value of Kd,Ca at 16°C is 0.8–0.9 µM for both indicators. Harkins et al. (1993) reported a 
somewhat smaller Kd,Ca for fluo-3 in a simple salt solution at 16°C, 0.51 µM. The value of Kd,Ca for protein-free fluo-4 given above (0.77 µM) was selected 
to fall within the range reported for fluo-3 and fluo-4 by Harkins et al. (1993) and Woodruff et al. (2002). The reaction rate constants of fluo-4 (second 
and third columns) are based on those of Hollingworth et al. (2000) for fluo-3 and the assumption that a larger value of Kd,Ca arises from a larger off-rate 
constant. At the resting values of free [Ca2+] (30 nM), free [Mg2+] (1 mM), and pH (7), the resting fractional occupancies of the different states of the 
various model constituents are as follows: (A) ATP (0.909), MgATP (0.091), CaATP (0.000); (B) Parv (0.070), CaParv (0.173), MgParv (0.758); (C) Trop 
(0.992), CaTrop (0.008); (D) E (0.006), CaE (0.004), Ca2E (0.002), MgE (0.123), Mg2E (0.123), HE (0.062), H2E (0.617), H3E (0.062), H4E (0.001); (E) 
Dye (0.109), CaDye (0.004), PrDye (0.878), CaPrDye (0.009). The model assumes that the rate of Ca2+ pumping in the resting state, 0.01 µM/ms, is 
balanced by an equivalent (and constant) leak of Ca2+ from the SR into the myoplasm.
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Fig. 1 B shows the trace from Fig. 1 A displayed on a 
time scale of seconds, which is relevant to the recovery 
processes after a call, and at a 25-fold higher vertical gain. 
Also shown is the fit of a decaying exponential function 
to the F/FR signal beginning 1 s after stimulation (de-
clining dashed trace; described below). By 60 s, the F/FR 
signal has returned close to baseline (horizontal dashed 
line), but a small offset, <1% of the peak signal, remains. 
Similar small offsets were seen in all experiments of this 
type (Table 3, B, first column, last row). It is not known 
whether the small maintained signal at 60 s is caused by 
a small residual elevation of [Ca2+] above the resting level 
(e.g., of 10 nM; estimated with the scheme in Table 2, E) 
or is caused by some unknown change in fluo-4 not di-
rectly related to [Ca2+]. An explanation of this property 
of the late fluo-4 F signal is not considered essential 
for the issues addressed in this paper, which relate pri-
marily to Ca2+ movements during the 10-s intercall 
interval (see below). Interestingly, the maintained sig-
nal is not unique to swimbladder fibers, as small main-
tained increases in F/FR at 60 s after an AP are also 
seen in other types of fibers injected with fluo-4 or fluo-3, 
including frog twitch fibers, mouse fast-twitch fibers, and 
mouse slow-twitch fibers (unpublished data). A similar 
maintained signal, consistent with a small elevation in 
[Ca2+], is also seen in frog twitch fibers injected with fura-2 
(18°C; Suda and Kurihara, 1991).

The fluo-4 signal elicited by a high-frequency train of APs
In five experiments, the fluo-4 signal was measured on a 
60-s time base in a well-immobilized fiber that was acti-
vated by a train of 40 APs at 83 Hz, a stimulus used to 
mimic one call of the toadfish’s repetitive mating call. 
Fig. 2 shows results from two of these experiments. In 
the experiment of Fig. 2 (A and B), FR could be reason-
ably estimated, and this fluo-4 signal is shown in units of 
F/FR. In the other experiments of this type, includ-
ing the experiment of Fig. 2 (C and D), FR could not be 

between stimuli is consistent with observations from ten-
sion recordings on bundles of swimbladder fibers in which 
active tension returns close to baseline between the indi-
vidual stimuli in a high-frequency train (Rome et al., 1996).

The peak amplitude and FDHM of the SR Ca2+ re-
lease waveform in response to one AP are estimated to 
be 600 µM/ms and 1.0 ms, respectively, and [CaT] 
is estimated to be 750–800 µM. With subsequent APs in 
a high-frequency stimulus, the releases occur with a sim-
ilarly brief time course, but the release amounts are, on 
average, only 20–40% of the first release. This large de-
cline in release is thought to be primarily caused by the 
process of Ca2+ inactivation of Ca2+ release (Harwood 
et al., 2011). These estimates of the release amounts 
were confirmed in parallel experiments in which recov-
ery oxygen consumption was measured on bundles of 
swimbladder fibers exposed to the cross-bridge blocker 
BTS and activated by high-frequency stimuli of various 
durations (15°C; Harwood et al., 2011).

The fluo-4 F/FR signal elicited by an AP
To study Ca2+ movements during relaxation and recov-
ery, it is advantageous to use a Ca2+ indicator such as 
fluo-4 that has a relatively high affinity for Ca2+ and good 
selectivity over Mg2+. Fig. 1 A shows an example of the 
F/FR signal elicited by an AP in a superfast fiber in-
jected with fluo-4. Because the fiber was well immobi-
lized, the F/FR signal is likely to be free (or almost free) 
of movement artifacts. The 10–100% rise time, peak am-
plitude, and FDHM are 2.5 ms, 25.8, and 14.0 ms, respec-
tively. Because of fluo-4’s high affinity, it is expected (e.g., 
Baylor and Hollingworth [2011]) that the rise time and 
FDHM of F/FR are longer than the corresponding 
values for [Ca2+] estimated with furaptra (1.8 ms and 
3.0 ms, respectively; previous section). Similar values of 
10–100% rise time, peak amplitude, and FDHM of the 
fluo-4 signal elicited by an AP were seen in several ex-
periments (Table 3, A, first column).

Figure 1. Example of the fluo-4 F/FR signal elic-
ited by an AP in a well-immobilized superfast swim-
bladder fiber (16°C). (A) At zero time, the fiber was 
stimulated by an external shock. The 10–100% rise 
time, peak amplitude, and FDHM of F/FR are 2.5 ms, 
25.8, and 14.0 ms, respectively. The trace is a single  
sweep (i.e., no signal averaging was used). For the 
cal ibration of the fluo-4 signal, FR refers here, and 
throughout Results, to the indicator’s fluorescence 
intensity in the myofibrillar region of the fiber (see 
Materials and methods). (B) Same trace as in A but 
displayed on a higher gain and slower sweep speed. 
The declining dashed trace (which is poorly visible) 
shows a least-squares fit to the measurement between 
1 and 60 s based on a decaying single-exponential 
function plus a baseline offset, with the following fit-
ted values: exponential time constant, 26.5 s; expo-
nential amplitude, 0.411; and baseline offset, 0.160. 
Fiber number 072612.2.
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next section). As in Fig. 1, the experimental traces in 
Fig. 2 (B and D) are elevated above baseline at 60 s, 
when F/F1 is 0.02 and 0.04, respectively. In experi-
ments of this type, the mean value (±SEM) of F/F1 at 
60 s was 0.024 ± 0.005 (n = 7; Table 3, B, second column, 
last entry). As mentioned in the preceding section, the 
source of this maintained signal, if not caused by [Ca2+], 
is unknown.

Quantitative characterization of the decay  
of the fluo-4 signal on a time scale of seconds
As noted above, on a time scale of 60 s, the fluo-4 F 
signal decays slowly and incompletely (Figs. 1 and 2). Be-
cause fluo-4 is a high-affinity Ca2+-selective indicator, the 
time course of this decay is likely to largely reflect the 
time course with which [Ca2+] declines toward the rest-
ing level. To provide an empirical characterization of the 
decay of the fluo-4 signal, the F/F1 waveforms elicited 
by either a single AP or a train of 40 APs at 83 Hz were 
fitted from 1 to 60 s by a decaying exponential function 
to a baseline offset (see, e.g., declining dashed traces in 
Fig. 1 B and Fig. 2 [B and D]). With one AP, a single-
exponential decay to an offset gave a good fit to the 
measurements; with the 83-Hz train of APs, a double-
exponential decay to an offset was required for a good 
fit. Table 3 (C) gives the mean parameter values ob-
tained in these fits. The time-dependent components in 
these fits likely reflect (a) the declining rate with which 
Ca2+ is pumped by the SR Ca2+ pumps as [Ca2+] ap-
proaches the resting level (see simulations described 
below), (b) the net rate at which Ca2+ dissociates from 
parvalbumin at low [Ca2+] (see also simulations), and 

reliably estimated because of interference from the in-
trinsic fluorescence of the fiber bundle and the gener-
ally small myoplasmic concentrations of fluo-4 in the 
experiments (see Materials and methods). For this rea-
son, the signals in Fig. 2 (C and D) are displayed nor-
malized to F1 (defined as the peak amplitude of the 
fluorescence change elicited either by one AP or by the 
first AP in a stimulus train or by the first AP in a series of 
stimulus trains). It is reasonable to believe that the am-
plitude of F1/FR in this experiment and in the other 
experiments of this type averaged 25–30, i.e., was simi-
lar to that in Figs. 1 A and 2 A and to the mean peak 
F/FR in the first column of Table 3 (A), 28.7. In Fig. 2 
(A and C), each F trace reveals 40 individual peaks, 
1 for each stimulated AP. The amplitude of the F peaks 
after the first reach a value that is either slightly larger 
than F1 (Fig. 2 A) or slightly smaller than F1 (Fig. 2 C). 
Similar results were seen in the five experiments of this 
type, with the F peaks after the first being slightly smaller 
than, similar to, or slightly larger than F1.

After cessation of stimulation, the F signals in Fig. 2 
(A and C) decayed within 100 ms to a quasi-steady 
level that is 30–40% of that of F1. Between 600 and 
1,000 ms, the F signals declined only slightly. Similar re-
sults were seen in the other experiments of this type. The 
time constant describing the early decay of F to the 
quasi-steady level averaged 24 ± 4 ms (mean ± SEM; n = 7).

Fig. 2 (B and D) shows the F signals of Fig. 2 (A and C) 
displayed on a 60-s time base and at fivefold higher ver-
tical gain. These traces have also been fitted with a de-
caying exponential function during the time 1–60 s after 
stimulation (declining dashed traces; described in the 

TA B L E  3

Properties of fluo-4 signals in toadfish swimbladder fibers (16°C)

Parameter 1 AP (mean ± SEM; n) 40 APs at 83 Hz (mean ± SEM; n)

A: Early signal

10–100% rise time (ms) 2.6 ± 0.1; 10 –

Peak F/FR 28.7 ± 2.0; 5 –

FDHM (ms) 15.1 ± 0.5; 10 –

B: Late signal amplitudes

F(1 s)/F1 0.030 ± 0.003; 5 0.263 ± 0.014; 7

F(60 s)/F1 0.009 ± 0.003; 5 0.024 ± 0.005; 7

C: Fitted values, 1–60 s

A1 (F/F1) 0.021 ± 0.002; 5 0.119 ± 0.011; 7

1 (s) 23.3 ± 2.5; 5 1.85 ± 0.10; 7

A2 (F/F1) – 0.112 ± 0.008; 7

2 (s) – 10.7 ± 0.9; 7

Offset (F/F1) 0.007 ± 0.004; 5 0.023 ± 0.005; 7

The entries were determined on fibers that had been rested for at least 3 min before stimulation; n indicates the number of experiments. A dashed entry 
means the value was not determined or not well known. In A, the amplitude of F/FR, which has been referred to the myofibrillar region of the fiber, 
could not be determined in all experiments because the intrinsic fluorescence of the bundle interfered with the determination of FR (see Materials and 
methods); however, the time course of F was well known in most fibers because of the generally large signal/noise ratio of F. In B, the entries give the 
value of F measured at either 1 or 60 s after onset of stimulation divided by F1, the peak of F elicited by the first stimulated AP. In C, the entries were 
obtained from a least-squares fit of one of the following equations to the temporal waveform of F(t)/F1: (a) with 1 AP, F(t)/F1 = A1 ∙ exp(2t/1) + 
offset; (b) with 40 APs at 83 Hz, F(t)/F1 = A1 ∙ exp(2t/1) + A2 ∙ exp(2t/2) + offset.
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than the measurement and, at 60 s after stimulation, is 
only slighted elevated above baseline, whereas, as noted 
above, the measurement reveals a more noticeable base-
line offset. Better agreement between the simulation 
and the measurement could be obtained in simula-
tions with a smaller concentration of Ca2+ pump mol-
ecules or with slower kinetics for the SR Ca2+ pump 
reactions (see Materials and methods and Fig. 10), but 
the agreement observed in Fig. 3 B is considered ac-
ceptable for the main issues addressed in this paper 
(see Discussion).

In Fig. 3 B, the time courses of the simulated F/FR 
trace and the simulated [Ca2+] trace are very similar. 
This is expected because, on this time scale, the simu-
lated F tracks the small and slowly changing [Ca2+] 
almost linearly.

Simulation of the fluo-4 Ca2+ signal elicited by a stimulus train
In Fig. 4, the top three traces in each panel show results 
like those in Fig. 3 except that a stimulus that mimics 
fiber activity during a call, 40 APs at 83 Hz, was used. 
The experimental F/FR signal (top trace) is an averaged 
response from four experiments of the type shown in 
Fig. 2; the conversion of the mean waveform from F/F1 
units to F/FR units was again made under the assump-
tion that the mean value of F1/FR is 28.7 (Table 3, A). 
The bottom trace in Fig. 4 A shows the modeled rate of 
SR Ca2+ release in this simulation. The amount of Ca2+ 
released by the first AP is 750 µM (as in Fig. 3), whereas 
the release amounts caused by APs after the first are sub-
stantially smaller (see legend for Fig. 4), as expected 
from the experimental findings mentioned in the first 

(c) the kinetics of any unknown process or processes 
that may contribute to the small baseline offset in F.

Simulation of the fluo-4 signal elicited by an AP
In Fig. 3 A, the top trace shows an averaged measure-
ment of the F/FR signal elicited by an AP. This trace 
was obtained from three experiments in which F/FR 
appeared to be essentially free of movement artifacts, had 
a relatively large signal-to-noise ratio, and was recorded 
for 60 s after stimulation (i.e., as in Fig. 1). The ampli-
tude of this trace was scaled to give a peak F/FR of 28.7, 
the mean value observed in the measurements (Table 3, A). 
The middle trace shows a simulation of this fluo-4 F/FR 
signal, performed as described in Materials and meth-
ods. The functional form used to drive the simulation 
(see legend of Fig. 3) corresponds to an SR Ca2+ release 
of 750 µM in 1 ms (Harwood et al., 2011). The 10–100% 
rise time, peak amplitude, and FDHM of the simulated 
F/FR trace are 3.2 ms, 31.8, and 15.3 ms, respectively, 
which are in reasonable agreement with the mean mea-
surement values (2.6 ms, 28.7, and 15.1 ms; Table 3, A). 
This supports the conclusion that this simulation, in-
cluding the modeled behavior of fluo-4 in the myoplasm, 
is reasonable. The bottom trace in Fig. 3 A shows the 
[Ca2+] waveform in the simulation. As mentioned above, 
it is expected that this trace is much briefer than that of 
the F/FR signal itself.

Fig. 3 B shows the traces in Fig. 3 A on a higher gain 
and a slower time base. On this slow time scale, the sim-
ulated F/FR trace is also in approximate agreement 
with the measured trace. The main discrepancy is that 
the simulated F/FR trace declines a little more rapidly 

Figure 2. Examples of the fluo-4 F 
signal elicited by a 40-AP 83-Hz stim-
ulus train in two well-immobilized  
superfast swimbladder fibers (16°C). 
(A and C) Each trace is a single sweep 
corrected for a small baseline drift. In 
A, the trace is calibrated in units of F/FR; 
in C, FR was not well known and the 
calibration is in units of F/F1, where 
a value of 1.0 on the ordinate corre-
sponds to the peak amplitude of F elic-
ited by the first AP. The change in the 
noise level of the trace in C at 700 ms 
(see also some of the other experimen-
tal traces, e.g., in Figs. 3 B and 4 A) is ex-
plained by a data compression routine 
that was used during some recordings 
of longer-duration signals, when signal 
averaging reduces the noise without dis-
torting signal kinetics. (B and D) Same 
traces as in A and C, respectively, but 
displayed on a higher gain and slower 
sweep speed. The declining dashed 

traces, which are poorly visible, show least-squares fits of the measurements between 1 and 60 s with a decaying double-exponential 
function to a baseline offset. The fitted parameter values in B are as follows: first exponential time constant and amplitude, 1.5 s and 
4.75; second exponential time constant and amplitude, 9.9 s and 4.29; baseline offset, 0.67. The corresponding values in D are as fol-
lows: 1.7 s, 0.089, 12.9 s, 0.097, and 0.041. Fiber numbers 062713.2 (A) and 081512.2 (B).
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measured trace during the later APs and immediately 
after cessation of stimulation; in contrast, on the slow 
time scale of Fig. 4 B, the simulated trace returns to-
ward baseline more rapidly and more completely than 
the measurement (as it does in Fig. 3). The presence of 
these discrepancies indicates that the myoplasmic Ca2+ 
movements estimated in these simulations, and in the 
simulations described below, should be considered to be 
approximate, not precise (see Discussion).

section of Results. In Fig. 4, the total amount of Ca2+ 
released by the 40 APs is 6.5 mM, which is similar to the 
7-mM value estimated experimentally for a 40-AP 80-Hz 
stimulus by the technique of recovery oxygen consump-
tion (15°C; Harwood et al., 2011).

Although the simulated F/FR signal in Fig. 4 is in 
rough agreement with the measured signal, some discrep-
ancies are apparent. In Fig. 4 A, the simulated F/FR 
trace decays less rapidly and less completely than the 

Figure 3. Measured and simulated 
Ca2+ signals in superfast swimbladder 
fibers stimulated by a single AP (16°C). 
(A) The trace at the top shows the AP-
evoked F/FR signal from fluo-4, which 
was averaged from measurements in 
three well-immobilized fibers. To calcu-
late the averaged waveform, the F/FR 
signal from each fiber was first normal-
ized to a peak amplitude of 1.0 and the 
three waveforms were averaged; the am-
plitude of the latter waveform was then 
scaled to have a peak amplitude of 28.7, 
the mean peak amplitude of F/FR in 
Table 3 (A). The 10–100% rise time and 
FDHM of this signal are 2.8 ms and 
16.0 ms, respectively. The middle and 
lower traces show F/FR and [Ca2+] 
simulated with the model. The SR Ca2+ 
release waveform (not depicted) was 
calculated with Eq. 1; FDHM was 1 ms, 
T was 5 ms, and the release amount was 
750 µM. The concentration of fluo-4 in 
the model (50 µM) has some buffer-
ing effect on [Ca2+]; in the absence of 
fluo-4, the simulated peak of [Ca2+] 

with the same release function is 24.3 µM (vs. 21.7 µM here). The amplitude of all traces has been referred to the water volume in the 
myofibrillar region of the fiber, i.e., excluding the fiber core (see Materials and methods). (B) Same traces as in A, but displayed on a 
slower sweep speed and at higher vertical gain.

Figure 4. Comparison like that in Fig. 3 
except that the stimulus was 40 APs at 
83 Hz. (A and B) The experimental re-
cord (top trace) is an averaged result 
from four experiments in which the 
F/F1 signal (see, e.g., Fig. 2) was well 
resolved and likely to be free of move-
ment artifacts; calibration of the aver-
aged waveform in units of F/FR is based 
on the value 28.7 in Table 3 (A) for 
the response to the first AP. The other 
three traces are simulated traces: F/FR, 
[Ca2+], and the rate of SR Ca2+ release 
(Rel). The simulated amount of SR Ca2+ 
released by APs after the first varied 
from 45% to 9% of that released by the 
first AP. [CaT] caused by all 40 shocks 
is 6,486 µM.
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shown in Figs. 4 and 5 were performed for a repetitive 
series of stimulus trains of 40 APs at 83 Hz. Fig. 6 A shows 
the fluo-4 signal measured from a fiber that was acti-
vated by four such trains initiated at intervals of 10.5 s. 
During each train, the F/FR signal revealed 40 indi-
vidual peaks (similar to that seen in Fig. 2 A, which was 
measured in the same fiber); these are not resolvable in 
Fig. 6 A because of the compressed time scale of the plot. 
In all stimulus cycles, the time course of decay of F after 
cessation of stimulation is similar to that seen in Fig. 2; 
thus, at the time of onset of the next cycle, F is elevated 
above baseline. In Fig. 6 A, the four circles on the plot at 
the end of the cycles highlight these F/FR values, which 
are 1.73, 1.83, 1.88, and 1.95 (cycles 1–4, respectively).

Qualitatively similar results were seen in the two other 
experiments of this type. Fig. 6 (B and C) summarizes 
results from the three experiments. Fig. 6 B shows the 
mean amplitude of the fluo-4 signal at the end of each 
10.5-s cycle. FR was not well known in two of the three 
experiments, so, as in Fig. 6, the conversion of the mea-
surements from F/F1 units to F/FR units was made 
under the assumption that F1/FR was 28.7 (Table 3, A). 

As observed with the experimental measurements in 
Fig. 2 (B and D), a decaying single-exponential function 
to a baseline offset does not give a good fit to the decline 
of the simulated fluo-4 signal in Fig. 4 between 1 and 60 s, 
but a decaying double-exponential function does (not 
depicted). The time constants and amplitudes obtained 
from a fit of the latter function to the simulated F/F1 
waveform are 1.3 s and 0.26 (first exponential), 9.6 s and 
0.12 (second exponential), and 0.006 (baseline offset). 
These values are in rough agreement with the mean mea-
surement values: 1.9 s, 0.12, 10.7 s, 0.11, and 0.023, re-
spectively (Table 3, C, second column).

Details of Ca2+ movements during a simulated call
Fig. 5 shows additional information from the simulation of 
Fig. 4, including information about [Ca2+], [Ca2Trop], 
[CaPump], [CaParv], and the total concentration of 
the released Ca2+ that remains in the myoplasm (dashed 
trace labeled [CaM], which is calculated as [CaT] 2 
[CaPumped]). The 10-s time scale in Fig. 5 approxi-
mates the duration of a normal call (0.5 s) plus the in-
tercall interval (assumed here to be 9.5 s).

The Ca2+ release amount (6,486 µM) and the stimulus 
duration (480 ms) are indicated by the vertical position 
and length of the short horizontal line above the [CaM] 
trace in Fig. 5. At 40 ms after the last stimulated AP, [Ca2+] 
is below the threshold for force generation (3 µM), 
yet [CaM] is large, 5,172 µM (0.80 of the released Ca2+), 
of which 78% is bound to parvalbumin and 19% to the 
Ca2+ pump. At the end of the 10-s simulation period (the 
approximate time at which the next call in a series of 
calls would begin), [CaM] is still substantial, 1,275 µM 
(0.20 of the released Ca2+), of which 97% is bound to 
parvalbumin and 2% is bound to the pump.

These results indicate that a steady-state between Ca2+ 
release and pumping would not be achieved during the 
first call of a repetitive series of calls. An interesting ques-
tion therefore arises concerning how many calls are re-
quired, and with what adjustments, for a steady-state to 
be established between release and pumping during re-
petitive calling. Achievement of a steady-state is expected 
because of the positive relation between [Ca2+] and the 
rate of Ca2+ pumping; if any of the Ca2+ released dur-
ing a calling cycle has not yet been fully returned to the 
SR, [Ca2+] will necessarily be elevated, thus promoting 
greater pumping in the next calling cycle. Also, if some 
Ca2+ that was initially in the SR still remains in the myo-
plasm at the start of the next cycle, the amount of Ca2+ 
released in the next cycle might be reduced (Schneider 
et al., 1987).

Measurement of the fluo-4 signal in response  
to a series of stimulus trains
To elucidate Ca2+ movements during repetitive calling, 
including how quickly Ca2+ release and pumping come 
into balance, measurements and simulations of the type 

Figure 5. Additional details from the simulation in Fig. 4. 
[Ca2Trop] denotes the change in concentration of troponin mol-
ecules whose regulatory sites are both occupied by Ca2+ (maxi-
mum possible number = 106 µM; Tables 1 and 2). [CaPump] 
and [CaParv] denote the change in the concentration of Ca2+ 
ions bound to the Ca2+ pump and to parvalbumin. [CaM] (dashed 
trace) denotes the change in the total concentration of Ca2+ in the 
myoplasm, i.e., the amount of Ca2+ released minus the amount of 
Ca2+ pumped (= [Ca2+] + [CaATP] + [CaTrop] + [CaParv] + 
[CaPump] + [CaDye]). [CaTrop] (not depicted) denotes 
the change in concentration of Ca2+ bound to all troponin regu-
latory sites (maximum possible number = 2l0.4 µM, i.e., 212 µM 
minus the concentration of Ca2+ bound at rest, 1.6 µM). The short 
horizontal line above the [CaM] trace gives the stimulus dura-
tion, and the vertical displacement of this line above the dotted 
baseline corresponds to [CaT] (6,486 µM; see calibration bar 
at right). In the absence of Ca2+ pumping, [CaM] would rise to 
this level.
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fourth cycles relative to that in the first are 0.954 ± 0.007, 
0.938 ± 0.010, and 0.921 ± 0.011, respectively (n = 3). These 
values are all significantly different from 1.0 (P < 0.001) 
but not significantly different from each other (P > 0.05); 
they indicate that the amount of SR Ca2+ released with a 
40-AP stimulus train is probably smaller in the second 
and subsequent trains than in the first.

Simulation of the fluo-4 F signal in response 
to a series of stimulus trains
To quantify the myoplasmic Ca2+ movements during a 
series of stimulus trains of the type illustrated in Fig. 6 A, 
simulations like that in Figs. 4 and 5 were performed but 
extended to four sequential stimulus cycles, each with a 
period of 10.5 s (which matches that of the measure-
ments). The SR Ca2+ release waveform for the second 
and subsequent cycles was adjusted so that the simulated 
F0.5s waveform in these cycles was 0.94 times that in the 
first cycle (the mean of the experimental values men-
tioned in the last paragraph of the preceding section). 
This required that the amount of SR Ca2+ release in the 
second and subsequent cycles be 83.5% of that in the 
first cycle (5,417 and 6,486 µM, respectively).

Fig. 7 A shows the simulated F/FR signal during the 
four cycles of stimulation, and Fig. 7 (B and C) shows 
simulated values analogous to the mean measurement 
values in Fig. 6 (B and C). A small discrepancy between 
the simulations and the measurements is seen in Fig. 7 B 
versus Fig. 6 B. This arises because during the recovery 

None of the mean (±SEM) values at the end of the four 
cycles (1.67 ± 0.17, 1.49 ± 0.32, 1.81 ± 0.17, and 1.92 ± 
0.23, respectively) is significantly different from the others 
(P > 0.05). If these F/FR values are entirely caused by 
an elevation of [Ca2+], the mean of these values for the 
four cycles, 1.72, corresponds to a [Ca2+] of 125 nM 
above the resting level of 30 nM (Tables 1 and 2 [E]).

Also of interest in these experiments is the relative 
amplitude of the F signals in the four cycles during the 
0.5-s periods of AP generation, when SR Ca2+ is being 
released. In the experiment of Fig. 6 A, the peaks of the 
F/FR signals in cycles after the first are about the same 
as, or slightly smaller than, the peaks of the signals in the 
first cycle. Because the F/FR signals in the later cycles 
start from values that are above baseline, F (defined 
here as the change in fluorescence in any particular 
cycle above the fluorescence value at the beginning of 
that cycle) is slightly smaller in the later cycles than in 
the first cycle. This suggests that the amount of Ca2+ re-
lease in the later cycles was smaller than that in the first. 
If F0.5s denotes the F waveform during the first 0.5 s 
of a cycle, the estimated amplitudes of F0.5s in cycles 2, 
3, and 4 relative to that in the first cycle are 0.967, 0.957, 
and 0.942, respectively. These values were obtained from 
the scaling factor that gave the best least-squares fit of 
each of the F0.5s waveforms in the later cycles with the 
F0.5s waveform in the first cycle. Fig. 6 C shows the mean 
results for the three experiments of this type. The mean ± 
SEM amplitudes of F0.5s during the second, third, and 

Figure 6. Properties of the measured 
fluo-4 F/FR signal in superfast fibers 
activated by consecutive stimulus trains 
that mimic fiber activity during cyclical 
calling. (A) F/FR in a fiber stimulated at 
10.5-s intervals to give 40 APs at 83 Hz;  
FR denotes fluo-4’s fluorescence in-
tensity measured immediately before 
the first stimulus train. The circles on 
the trace highlight the F/FR values 
at the end of each cycle, which are all 
above baseline. Each circled data point 
is preceded by a dashed segment that 
lasts 3.5 s; these segments correspond to 
gaps in data collection, which occurred 
while the preceding 7 s of data record-
ing was being written to disk storage. 
Each dashed segment was obtained from 
the fit of a function like that described 
in the legend of Fig. 2 to the decay phase 
of the preceding F/FR signal subject 
to the constraint that the fitted func-
tion intersect the succeeding circled 
value. Fiber number 062713.2. (B) Sum-
mary data from three fibers showing es-
timated mean (±SEM) values of F/FR 

at the end of the 10.5-s stimulus cycles. (C) Mean data for the experiments of B showing F0.5s,N, the amplitude of F0.5s for the different 
stimulus cycles (where N denotes the cycle number) divided by F0.5s,1, the amplitude of F0.5s for the first cycle. F0.5s denotes the wave-
form of F during the 0.5-s period of AP generation (see Measurement of the fluo-4 signal in response to a series of stimulus trains). 
The SEM values for the data in C were smaller than the symbol size and are not depicted.
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signals supports the conclusion that the main features 
of the Ca2+ movements estimated in the simulations are 
approximately correct.

Kinetics of Ca2+ pumping during the stimulus trains
Fig. 9 gives information about Ca2+ pumping as a func-
tion of time in the simulations of Figs. 7 and 8. Results 
for the first and second simulation cycles are shown as 
continuous and long-dashed traces, respectively; results 
for the third and fourth cycles are not shown as these 
were essentially identical to those in the second cycle. 
The cumulative amount of Ca2+ pumped is shown in the 
top panel, and the estimated rate of Ca2+ pumping is 
shown in the middle panel. The traces at the bottom 
show a filtered version of [Ca2+]; the points on each of 
these traces during the interval 0–0.5 s were obtained as 
mean values over each 12-ms period (the time between 
APs), which smooths the rapid fluctuations in [Ca2+] 
of the type seen in Fig. 4 and more clearly reveals the 
relation between [Ca2+] and Ca2+ pumping. The horizon-
tal arrows at the top right point to the estimated amounts 
of SR Ca2+ release in the first and second simulation cy-
cles (6,486 µM and 5,417 µM, respectively). The amount 
of Ca2+ pumped by the end of the second cycle, 5,404 µM, 
is essentially all (99.8%) of that released, whereas the 
amount pumped by the end of the first cycle, 5,249 µM, 
is only 81% of that released. As noted above, any Ca2+ 
not returned to the SR in the first cycle produces an el-
evation in [Ca2+], which favors a greater fractional re-
turn of the released Ca2+ in the next cycle.

The short-dashed trace in the top panel of Fig. 9 shows 
the simulation of [CaPumped] for the hypothetical 
case that the amount of Ca2+ released in the first cycle is 
only 5,417 µM (i.e., the amount estimated for the second 

period, the simulated F/FR waveforms return toward 
baseline slightly more rapidly than the measured wave-
forms (as in Fig. 4 B); thus, the mean amplitude of 
F/FR at the end of each of the four cycles is smaller in 
the simulations than in the measurements (mean value, 
1.56 in Fig. 7 B vs. 1.72 in Fig. 6 B). Overall, the near 
constancy of the measurement and simulation values 
in Figs. 6 B and 7 B indicates that an approximate 
steady-state is reached beginning with the second cycle 
of activity.

A comparison of Fig. 7 C and Fig. 6 C shows that, as 
expected, the amplitudes of F0.5s in the second, third, 
and fourth cycles relative to that in the first cycle are 
approximately constant and similar in the simulations 
and the measurements. It is reasonable to conclude that 
a 15–20% reduction in the total amount of Ca2+ release 
occurs in the fibers during stimulus trains after the first, 
e.g., from 6.5 to 5.4 mM.

Fig. 8 shows simulated values at the ends of the four 
cycles for several important model variables, including 
[CaParv] and [CaPump] (Fig. 8 A) and the total 
amounts of SR Ca2+ that are released and pumped 
(Fig. 8 B). These plots confirm that the Ca2+ movements 
in the simulations reach a steady-state beginning with 
the second cycle. This occurs for two reasons: (1) the 
reduction in the amount of Ca2+ released in cycles after 
the first (Fig. 8 B, circle points) and (2) an enhanced rate 
of Ca2+ pumping by the SR Ca2+ pumps, which occurs as 
a result of the general elevation in [Ca2+] (quantified 
in Fig. 9). Presumably the same two factors underlie 
the achievement of the near steady-state observed in  
the fiber measurements beginning with the second 
cycle (Fig. 6). Overall, the general agreement between 
the properties of the simulated and measured fluo-4 

Figure 7. Simulated fluo-4 signals 
during four stimulus cycles of 40 APs 
at 83 Hz initiated at intervals of 10.5 s. 
(A and B) The format of the figure is 
identical to that in Fig. 6 for the experi-
mental measurements. Note that (a) the  
measurement in Fig. 6 A is from the only 
fiber in which FR (and hence F/FR) 
could be estimated during cyclical 
stimulations, and (b) the amplitude of  
F1/FR in this measurement, 35.2, is some-
what larger than the mean in Table 3 (A),  
28.7. Thus, the simulated F/FR signal 
in A here is somewhat smaller than the 
measurement in Fig. 6 A.
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which [Ca2+] in the modeling has fallen below 3 µM 
(the approximate threshold for tension generation in 
swimbladder fibers). Most of the Ca2+ pumping occurs 
after this time: 75% in all cycles. The peak rate of Ca2+ 
pumping in each stimulus train occurs at 474 ms, 4 ms 
after the peak of [Ca2+] elicited by the last AP.

Although the peak of (filtered) [Ca2+] in Fig. 9 is 
slightly larger in the second cycle than in the first, a com-
parable proportional increase in the mean amplitude of 
(simulated) F/FR during cycle 2 compared with cycle 1 
is not seen in Fig. 7 A. This occurs because F/FR is 
largely saturated (in all cycles) during the period of 
AP stimulation, i.e., 0–480 ms after the start of a cycle. 
A small increase in the mean of F/FR in cycle 2 versus 
cycle 1 does occur in Fig. 7 A during the stimulation 
period, consistent with the increase in the amplitude of 
(filtered) [Ca2+] during this period. This increase in 
mean amplitude of F/FR arises from the larger mean 
value of the low points in the F/FR excursions during 
the stimulation period, a difference which is difficult to 
see in the records of Fig. 7 A because of the compressed 
time scale.

cycle). This trace reaches only 4,204 µM by 10.5 s, which 
is 78% of the release amount. Correspondingly, the short-
dashed trace in the middle panel shows the rate of Ca2+ 
pumping that applies for this simulation. The peak of 
this trace, 2.5 µM/ms, is 67% of the peak pumping rate 
in the second cycle, 3.7 µM/ms. These comparisons 
confirm that, for a given amount of Ca2+ release, the el-
evation in [Ca2+] caused by activity in the first cycle in-
creases both the peak rate and total amount of Ca2+ 
pumping in the second cycle. The short-dashed trace in 
the bottom panel shows (filtered) [Ca2+] if the amount 
of Ca2+ released in the first cycle is only 5,417 µM. A 
comparison of the two [Ca2+] traces in this panel for 
the two different first-cycle releases reveals that for a 
20% increase in release amount (6,486 vs. 5,417 µM), 
the peak of (filtered) [Ca2+] increases by 120%. This 
nonlinearity occurs because the estimated amount of 
Ca2+ release for the first cycle (6,486 µM) approximately 
matches the available concentration of (unoccupied) 
Ca2+ buffer sites in myoplasm.

In Fig. 9, the vertical arrows in each of the three pan-
els are located at 506 ms on the abscissa, the time at 

Figure 8. Changes in selected simulation values dur-
ing repetitive stimulus trains. (A) Values at the end 
of each of the four simulation cycles for [CaParv] 
and [CaPump] minus their resting values. (B) The 
total amount of SR Ca2+ released and pumped in 
each of the four cycles (denoted generically on the 
ordinate as [CaSR]).

Figure 9. Comparison of simulation results in 
the first and second cycles of a series of 40-AP 
83-Hz stimulus trains initiated at 10.5-s intervals. 
Zero time denotes the start of each cycle. The 
top and middle traces show the amount and 
rate of Ca2+ pumping; the bottom traces show a 
filtered version of [Ca2+] (see Kinetics of Ca2+ 
pumping during the stimulus trains). All traces 
show changes above the resting values. Results 
are superimposed for three different cases con-
cerning the amount of Ca2+ release: 6,486 µM for 
the first cycle (continuous traces), 5,417 µM for 
the second cycle (long-dashed traces), and, hypo-
thetically, a first-cycle release of 5,417 µM (short-
dashed traces). The horizontal arrows at the top 
right mark the estimated actual release amounts 
for the first and second cycles (6,486 and 5,417 µM, 
respectively). The vertical arrows at the left in the 
three panels are positioned at time 0.51 s (i.e., 
0.04 s after the last stimulated AP in each cycle), 
which marks the time when simulated [Ca2+] has 
fallen below 3 µM, the approximate threshold for 
force generation in superfast fibers. At this time, 
the majority of the Ca2+ released in each cycle re-
mains to be returned to the SR.
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and the SR Ca2+ pump. None of these simulations al-
tered the qualitative conclusions described above.

Fig. 10 compares, on two time scales, the time course 
of Ca2+ pumping associated with a 40-AP 83-Hz stimulus 
train in a simulation with the standard parameter values 
(continuous traces) and in four simulations that used 
alternate parameter values (dashed traces). All simula-
tions began with the standard modeling parameters in 
effect (as in Figs. 4 and 5); however, at 1 s after the start 
of the simulation, one of the following changes was made 
to calculate the dashed traces: (a) the reaction rate con-
stants for the Ca2+ pump were doubled (long-dashed 
trace above the continuous trace, labeled 1), (b) the re-
action rate constants for the Ca2+ pump were halved 
(long-dashed trace below the continuous trace, labeled 1), 
(c) the reaction rate constants for parvalbumin were 
doubled (short-dashed trace above the continuous trace, 
labeled 2), or (d) the reaction rate constants for parval-
bumin were halved (short-dashed trace below the con-
tinuous trace, labeled 2). Fig. 10 reveals that speeding/
slowing the pump reactions substantially speeds/slows 
the final return of Ca2+ to the SR, whereas speeding/
slowing the parvalbumin reactions has little effect on 
the return. It follows that the final time course with which 
Ca2+ is returned to the SR depends primarily on the ki-
netics of the Ca2+ pump and not that of parvalbumin. 
This conclusion appears to be quite general, as it was 
confirmed in several other simulations that used the 
method of Fig. 10 to compare the importance of the re-
action kinetics of the Ca2+ pump and the reaction kinet-
ics of parvalbumin. In these simulations, a several-fold 
change was made to one of the following variables be-
fore initiation of the five types of calculations shown in 
Fig. 10: (a) the resting [Ca2+] concentration, (b) the rest-
ing [Mg2+] concentration, (c) the concentration of parv-
albumin, (d) the concentration of Ca2+ pump molecules, 
(e) the concentration and kinetics of troponin, and (f) 
the amount of SR Ca2+ release. In all cases, a twofold 

At time = 3.0 s in Fig. 9, which is the time that one 
fourth of the amount of Ca2+ released in the second and 
subsequent cycles remains to be returned to the SR, 91% 
of this Ca2+ is bound to parvalbumin and 7% to the Ca2+ 
pumps. At the same time, [Ca2+] is 340 nM, and the rate 
of Ca2+ pumping is 0.40 µM/ms, which is 11% of the 
peak pumping rate in this cycle. The return of the re-
maining released Ca2+ to the SR takes another 7.5 s in 
the second cycle (Fig. 9) and tens of seconds in the first 
cycle (Fig. 4). These slow returns are explained by (a) 
the steadily decreasing rate of Ca2+ pumping that ap-
plies as [Ca2+] approaches the resting level and (b) the 
substantial amount of Ca2+ that remains bound to parv-
albumin, a high-affinity Ca2+ buffer. As shown in the next 
section, the slow return of Ca2+ to the SR is limited pri-
marily by the reaction kinetics of the Ca2+ pump and 
not of parvalbumin. Because the return of the fluo-4 
F/FR signal toward baseline occurs more slowly in the 
measurements than in the simulations, the time course 
of return of all the released Ca2+ to the SR by Ca2+ pump-
ing may be even slower in the fibers than estimated in 
the simulations.

Simulation results with alternative choices  
for parameter values in the model
As noted above, some discrepancies exist between the 
simulated and measured fluo-4 signals, including a slightly 
faster and more complete return of simulated F to 
baseline on a time scale of seconds (Figs. 3 and 4). Pos-
sible contributors to these discrepancies are errors in 
the choice of the parameter values in the model, not all 
of which are well known. To explore the potential influ-
ence of such errors, simulations were performed with at 
least a twofold change in several modeling parameters, 
including the values of resting [Ca2+] (see also Materials 
and methods), resting [Mg2+], the concentration of par-
valbumin, the concentration of the SR Ca2+ pumps, and 
the reaction rate constants for troponin, parvalbumin, 

Figure 10. Simulation results for a 
40-AP 83-Hz stimulus train in which 
sev eral modeling parameters that af-
fect the time course of Ca2+ pumping 
were perturbed. (left) Fast time scale. 
(right) Slow time scale. The continuous 
trace shows the amount of Ca2+ pumped 
versus time in the standard model. Each 
dashed trace shows the result when one 
of the following changes to the standard 
model was made at time = 1 s (where the 
small horizontal line crosses the curves): 
(a) a doubling of all reaction rate con-
stants for the Ca2+ pump (long-dashed 
trace above the continuous curve, la-
beled 1), (b) a halving of all reaction 

rate constants for the Ca2+ pump (long-dashed trace below the continuous curve, labeled 1), (c) a doubling of all reaction rate constants 
for parvalbumin (short-dashed trace above the continuous curve, labeled 2), or (d) a halving of all reaction rate constants for parvalbu-
min (short-dashed trace below the continuous curve, labeled 2). The value of 6,486 µM (top of the ordinate) corresponds to the total 
amount of Ca2+ released with the 40-AP 83-Hz stimulus.
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for powering a 40-AP 80-Hz stimulus train is 7 mM 
(concentration referred to the myofibrillar water volume), 
of which 45–50% is for myosin, 45–50% for the SR Ca2+ 
pumps, and a few percent for the Na+/K+ pumps on the 
exterior membranes (which maintain the ion gradients 
that power the APs).

Discrepancies between the simulations and measurements
As noted in Results, the simulated and measured fluo-4 
F/FR signals in response to an AP are in reasonable 
agreement on a fast time scale (Fig. 3 A). On a slow time 
scale, however, the simulated signal returns to baseline 
a little more rapidly and completely than the measure-
ment (Fig. 3 B). A similar discrepancy is observed in re-
sponse to a high-frequency stimulus train (Fig. 4 B); in 
contrast, immediately after a stimulus train, the simulated 
F/FR trace declines more slowly than the measurement 
(Fig. 4 A). The reason for these discrepancies is not 
known with certainty, but one likely contributing factor 
is the simplifications inherent in the use of single-com-
partment modeling, which considers spatially averaged 
Ca2+ movements only and changes within the myofibril-
lar region only. As illustrated in Fig. 10, some further 
small adjustment of some parameter values in the model, 
such as the concentrations or reaction rate constants  
of the Ca2+ pump, would give improved agreement be-
tween the simulations and the measurements on a time 
scale of seconds. A full exploration of these factors is 
more appropriately made with a multicompartment model 
that incorporates information about the complex ana-
tomical features of swimbladder fibers (e.g., as described 
by Appelt et al. [1991]). Overall, the current simulations 
with the single-compartment model appear to give a rea-
sonable working picture of the myoplasmic Ca2+ move-
ments during the recovery periods after activity.

Influence of a large parvalbumin concentration  
on the time course of Ca2+ pumping
In toadfish superfast swimbladder fibers, the myoplasmic 
concentration of metal-binding sites on parvalbumin is 
in the millimolar range (5.34 mM, Table 1). A large con-
centration of such high-affinity, slowly reacting Ca2+-bind-
ing sites (which also bind Mg2+) assists the SR Ca2+ pumps 
in lowering [Ca2+] near or below the threshold for force 
generation after cessation of SR Ca2+ release, thus speed-
ing contractile relaxation (Briggs, 1975; Gerday and Gillis, 
1976; Gillis et al., 1982). As illustrated in the measure-
ments and modeling of this article, this action of parval-
bumin is also associated with a slow return of Ca2+ to the 
SR after the excitation-contraction coupling period is 
over. Because the binding of Ca2+ to parvalbumin results 
in a lower level of [Ca2+] than would otherwise occur, a 
slower rate of Ca2+ pumping by the SR Ca2+ pumps en-
sues; therefore, the time required to return the released 
Ca2+ to the SR is necessarily prolonged by the presence of 
parvalbumin. If a rested swimbladder fiber is stimulated 

change in the kinetics of the Ca2+ pump reactions initi-
ated at time = 1 s produced a much greater effect on the 
pumping time course than that produced by a twofold 
change in the kinetics of the parvalbumin reactions.

D I S C U S S I O N

Recently, Harwood et al. (2011) estimated the amount 
of Ca2+ that is released from the SR when toadfish super-
fast fibers are activated by either a single AP or by a high-
frequency train of APs that mimics fiber activity during 
a mating call. In this article, we have studied myoplas-
mic Ca2+ movements during the relaxation and recovery 
period after such activity by microinjecting fibers with 
fluo-4 and measuring the indicator’s fluorescence signal 
in response to both single APs and high-frequency trains 
of APs (16°C). We have also simulated the fluo-4 F/FR 
signal with a single-compartment model of the myoplas-
mic Ca2+ movements, adapted to measurements with 
fluo-4 and extended to a time scale of seconds.

Our new measurements and simulations give an ap-
proximate picture of the principal Ca2+ movements that 
take place on a time scale of seconds after activation of 
swimbladder fibers by stimuli of the type that give rise to 
the fish’s repetitive mating call, during which 6–7 mM 
Ca2+ is released from the SR in a first stimulation cycle 
(Figs. 4 and 5; Harwood et al., 2011). Within 40 ms 
after cessation of a 40-AP stimulus train at 83 Hz, the 
simulated [Ca2+] has fallen below the threshold for force 
generation, 3 µM; yet the estimated concentration of 
released Ca2+ that remains in the myoplasm in the myo-
fibrillar region ([CaM]) is large, 5 mM, of which 
78% is bound to parvalbumin and 19% is bound to the 
SR Ca2+ pumps (Fig. 5). At 10 s after onset of the stimu-
lus train, the simulations indicate that 20% of the re-
leased Ca2+ (1.3 mM) has yet to be returned to the SR 
by Ca2+ pumping and [Ca2+] is approximately three 
times the resting level (Fig. 5 and associated text). Be-
cause of the elevation in [Ca2+], Ca2+ pumping in response 
to a second stimulus train will be elevated, so that the 
amount of Ca2+ returned to the SR during a second 
cycle of activity will more closely match the amount re-
leased, as shown in the measurements and simulations 
of Figs. 6–9.

When repetitive stimulus trains are initiated at 10.5-s 
intervals, release and pumping come essentially into bal-
ance by the second and subsequent stimulus cycles. The 
estimated amounts of Ca2+ released and pumped dur-
ing the first stimulus cycle are 6.5 and 5.3 mM, respec-
tively, whereas the amounts are 5.4 and 5.4 mM during 
the second and subsequent cycles. In terms of the fish’s 
repetitive calling activity, the swimbladder fibers should 
be able to drive sound generation for many subsequent 
cycles, as long as the concentration of ATP and the over-
all energetics of the cell remain high. As reported by 
Harwood et al. (2011), the ATP consumption required 
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Ca2+ had been returned to the SR by the 2-s time point. 
An alternative explanation of the finding of no heat 
change after 2 s is that the heat generated as the result 
of turnover of the Ca2+ pumps is approximately matched 
by the heat absorbed when Ca2+ dissociates from parval-
bumin (Tanokura, 1990; Barclay, 2012). These two pro-
cesses might then proceed concurrently for many 
seconds without a readily resolvable contribution to the 
heat measurements.

Summary of design features for repetitive calling
As noted in Table 1, swimbladder fibers have a tropo-
nin isoform with a low affinity for Ca2+ (estimated Kd,Ca = 
3.9 µM), a large concentration of parvalbumin, and a 
large concentration of SR Ca2+ pumps. As confirmed in 
this article, these features permit [Ca2+] to fall near or 
below the contractile threshold after each AP in a stimu-
lus train of the type that gives rise to the fish’s mating call. 
Once the stimulus is over, [Ca2+] falls quickly to a level 
where there is little or no activation of the myosin cross-
bridges, yet [Ca2+] remains sufficiently elevated above 
the resting level to permit Ca2+ pumping at rates sub-
stantially above the resting pump rate. In extremes, Ca2+ 
pumping in swimbladder fibers can even occur with >50% 
of the maximum pumping activity at a [Ca2+] level that 
produces almost no activation of the myofilaments (e.g., 
1 µM; see Fig. 3 B of Young et al. [2003]). These and 
other design features, including a myosin isoform with 
a fast detachment rate constant (Rome, 2006), underlie 
the ability of the swimbladder fibers to generate intermit-
tent high-frequency bursts of twitches for long periods, as 
required for the fish’s calling behavior during mating.
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