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Abstract

Calcium release from the sarcoplasmic reticulum (SR) plays a central role in the regulation of cardiac contraction and rhythm
in mammals and humans but its role is controversial in teleosts. Since the zebrafish is an emerging model for studies of
cardiovascular function and regeneration we here sought to determine if basic features of SR calcium release are
phylogenetically conserved. Confocal calcium imaging was used to detect spontaneous calcium release (calcium sparks and
waves) from the SR. Calcium sparks were detected in 16 of 38 trout atrial myocytes and 6 of 15 ventricular cells. The spark
amplitude was 1.4560.03 times the baseline fluorescence and the time to half maximal decay of sparks was 2763 ms. Spark
frequency was 0.88 sparks mm21 min21 while calcium waves were 8.5 times less frequent. Inhibition of SR calcium uptake
reduced the calcium transient (F/F0) from 1.7760.17 to 1.1260.18 (p = 0.002) and abolished calcium sparks and waves.
Moreover, elevation of extracellular calcium from 2 to 10 mM promoted early and delayed afterdepolarizations (from
0.660.3 min21 to 8.162.0 min21, p = 0.001), demonstrating the ability of SR calcium release to induce afterdepolarizations
in the trout heart. Calcium sparks of similar width and duration were also observed in zebrafish ventricular myocytes. In
conclusion, this is the first study to consistently report calcium sparks in teleosts and demonstrate that the basic features of
calcium release through the ryanodine receptor are conserved, suggesting that teleost cardiac myocytes is a relevant model
to study the functional impact of abnormal SR function.
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Introduction

Calcium release from the sarcoplasmic reticulum (SR) plays a

central role in the regulation of the contraction and rhythm of the

mammalian heart [1]. Spontaneous release of calcium from the

SR through a small cluster of calcium release channels in the SR

(ryanodine receptor; RyR2) gives rise to calcium sparks [2]. The

calcium sparks are elementary events in the cardiac excitation

coupling and a synchronized calcium release from a large number

of ryanodine receptor clusters, induced by the action potential,

activates contraction under normal circumstances [3]. Contraction

can also be elicited by asynchronous calcium release from the SR,

which typically occurs under pathological conditions in the

mammalian and human heart [4,5,6]. Such asynchronous release

gives rise to calcium waves, and subsequent membrane depolar-

izations [7] that can induce arrhythmias [8].

Because of this predominant role of the SR in the regulation of

cardiac contraction and rhythm, calcium release from the SR

through the ryanodine receptor might be expected to be a

conserved mechanism, and investigation of the functional role of

the SR in the teleost heart, which phylogenetically is the ancestor

of other vertebrate hearts, may bring important information on

evolutionary changes in the SR function.

Direct measurements of calcium release from the SR in the

ectothermic vertebrate heart are however rather limited. More-

over, myocytes from the lower vertebrate heart are long and thin

without T-tubules, suggesting that trans-sarcolemmal calcium

entry is sufficient to activate contraction in this heart. Indeed,

calcium entry through L-type calcium channels is considered the

predominating source of calcium in the frog ventricle [9,10], and

experiments examining calcium release from the SR failed to

detect calcium release from the SR in frog ventricle [11]. On the

other hand, several studies on amphibian [12] and some teleost

hearts [13,14] have reported smaller L-type calcium current

densities that can only account for 10–25% of the total calcium

transient [1]. Therefore, additional calcium sources, higher

calcium sensitivity of the myofilaments, and/or a different spatial

arrangement of the contractile machinery are required for

activation of contraction in these hearts. Indeed, Na+-Ca2+

exchange could contribute with an amount equal to that of the
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L-type calcium current [15,16,17], and myofilament calcium

sensitivity is also higher in the teleost heart [18]. This data,

combined with a peripheral localization of the myofilaments

[19,20], small effects of SR inhibition with ryanodine [21], and

failure to detect calcium sparks in isolated trout cardiomyocytes in

a previous study [22], has been taken as support for a dominant

role of trans-sarcolemmal calcium entry in the activation of

contraction in the teleost heart [20].

In contrast to this, ultrastructural studies have identified SR in

the teleost heart, primarily underneath the sarcolemma [19,20].

Furthermore, the SR is capable of accumulating and releasing

significant amounts of calcium in trout atrial and ventricular

myocytes [15,23,24,25], suggesting that the SR may participate

actively in the E-C coupling. However, the presence of calcium

sparks, the elementary event underlying synchronized and

spontaneous calcium release from the SR, has not been established

in the ectothermic vertebrate heart. Therefore, the aim of the

present study was to test the hypothesis that calcium sparks are

present in teleost cardiomyocytes and that the spark properties are

conserved. This was achieved by recording calcium sparks in

cardiac myocytes from two teleost species, the rainbow trout and

the zebrafish.

Our results reveal the presence of calcium sparks in isolated

atrial and ventricular myocytes from the trout heart. Both the

physical properties and the frequency of calcium sparks were

similar to those reported in mammals, suggesting that the key

features of calcium release through the ryanodine receptor are

conserved from teleost to mammal. This, combined with the

presence of early and delayed afterdepolarizations in trout

cardiomyocytes suggests that the SR plays an important role in

excitation-contraction coupling in the teleost heart and provides

novel support for teleost cardiomyocytes as a relevant model for

studies of the impact of genetic or pharmacological manipulation

of SR function on cardiac arrhythmogenesis.

Methods

Cell isolation and patch-clamp technique
Trout atrial and ventricular myocytes were obtained by

enzymatic digestion of the heart and subjected to patch-clamp

technique using a HEKA EPC-10 amplifier and experimental

protocols and conditions described previously [13,23]. Action

potentials and afterdepolarizations were recorded using the

current-clamp technique and experimental protocols and condi-

tions previously described [26]. Spontaneous membrane depolar-

izations were only considered afterdepolarizations if they were

associated with a concurrent cell shortening. Similarly, transient

inward currents (ITI) resulting from spontaneous calcium waves

were only considered if they were associated with a concurrent cell

shortening. Zebrafish ventricular myocytes were obtained by

enzymatic perfusion of the heart as recently described [27].

Ethic Statement
The myocte isolation procedure was approved by the local

ethical committee at the Universitat Autònoma de Barcelona

(DARP no. 1017), and they were conducted in accordance with

the Guide for the Care and Use of Laboratory Animals published

by the US National Institutes of Health.

Confocal calcium imaging
Ca2+-sparks, Ca2+-waves and electrically stimulated Ca2+-

transients were detected using a laser scanning confocal micro-

scope (Leica SP2 AOBS, Germany) and a 636 objective with a

numerical aperture of 1.3. Cells were first incubated with 2.5 to

5 mM fluo-4 acetoxymethylester for 10–20 minutes at room

temperature, then washed and left at rest for deesterification for

at least 30 minutes before experiments were started. Changes in

the intracellular [Ca2+] were detected using the line-scanning

mode at a scan rate of 1 kHz. Cells were excited at 488 nm. In

order to minimize bleaching, fluorescence emission was collected

between 505 and 650 nm and the excitation beam was attenuated

to 1–5%. Experiments were performed in a physiological saline

containing (in mM): 132 NaCl, 2.5 KCl, 4 NaHCO3, 0.33

NaH2PO4, 2 CaCl2, 1.6 MgCl2, 10 HEPES, 5 glucose, and 5

pyruvic acid. pH was adjusted to 7.5 with NaOH, at 20uC.

Ca2+ sparks and waves were first detected at rest by two

consecutive 10.24 s scan periods. Each 10.24 s scan was divided

into 20 images (51261024 pixels). Cells were then field stimulated

(30 pulses at 0.5 Hz) to reach a steady-state SR calcium loading

and Ca2+ transients were recorded in the line scan mode for

another 2610.24 s. Field stimulation was then stopped and Ca2+

Figure 1. Calcium sparks are present in trout atrial myocytes. A
The upper panel shows calcium sparks (white arrowheads) recorded in
the line-scanning mode. The lower panel shows the fluorescence
intensity (F/F0) recorded in a 3 mm wide band delimited by the two red
lines. B Comparison of spontaneous calcium sparks (white arrow) and a
field stimulated calcium transient (black arrow). The corresponding
calcium transients recorded in a 3 mm wide band delimited by the two
red lines are shown in the lower panel. C Comparison of the frequency
of spontaneous calcium sparks and calcium waves. The parentheses
indicate the number of cells where sparks or waves were detected out
of a total of 38 myocytes examined.
doi:10.1371/journal.pone.0023708.g001

Calcium Sparks in Trout and Zebrafish Heart
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sparks and waves were recorded again during two consecutive

10.24 s periods. Ca2+ sparks and waves were detected off-line as

previously described for human atrial myocytes [4]. Briefly, Ca2+

sparks were detected as an increase in the signal mass of a 3 mm

(25 pixels) section through the spark as shown in figure 1. For line

scanning, sparks were accepted if the spark amplitude was at least

twice the amplitude of the noise and the spark duration was

between 25 and 300 ms. For each cell, the spark frequency before

and after stimulation was determined and the spark frequency was

normalized to the length of the cell scanned.

In a separate series of experiments, fluo-4 loaded myocytes were

simultaneously subjected to perforated patch-clamp technique and

fast confocal calcium imaging with a resonance scanning confocal

microscope (Leica SP5 AOBS, Germany) in the frame-scanning

mode. These experiments were performed using intra and

extracellular solutions previously described [28]. The pipette

solution contained (in mM): 109 aspartic acid, 47 CsCl, 3

Mg2ATP, 1 MgCl2, 5 Na2phosphocreatine, 0.42 Li2GTP, 10

HEPES and 250 mg/ml amphotericin B, (pH = 7.2). The extra-

cellular medium contained (in mM): 127 NaCl, 5 TEA, 10

HEPES, 4 NaHCO3, 0.33 NaH2PO4, 10 glucose, 5 pyruvic acid,

2 CaCl2, 1.8 MgCl2, (pH = 7.4). Synchronization of confocal

calcium imaging and recording of ionic currents was achieved

using a Leica DAQ box and HEKA patch-master software. Patch-

master was used to design electrophysiological protocols and to

generate triggers for confocal image acquisition and event marking

in the confocal time-lapse protocols created with the Leica

Electrophysiology software module. Fluo-4 was excited at

488 nm with the laser power set to 20% of maximum and

attenuation to 4%, and fluorescence emission was collected

Figure 2. Calcium spark dimensions in trout atrial myocytes. A Consecutive images of a trout atrial myocyte recorded in the frame scanning
mode at 100 Hz. The frame number is given below each image and the kinetics of the calcium spark detected in the white circle is shown on the
right. B Average dimensions of 23 sparks from 8 trout atrial myocytes. C Consecutive images of the same trout atrial myocyte recorded during the
propagation of a calcium mini-wave. The global calcium transient measured over the entire image field is shown on the right with letters indicating
the temporal position of each image.
doi:10.1371/journal.pone.0023708.g002

Calcium Sparks in Trout and Zebrafish Heart

PLoS ONE | www.plosone.org 3 August 2011 | Volume 6 | Issue 8 | e23708



between 500 and 650 nm. Images of 1406512 pixels were

recorded at a frame rate of 100 Hz. The width at half maximum

(FWHM) and the duration of the calcium spark at half maximum

(FDHM) as well as the peak amplitude (F/F0) was determined for

each spark using a custom made spark detection program [29].

The average standard deviation of the noise in the fluorescent

signal normalized to the baseline fluorescence (s/F0) was 0.1, and

only sparks with an amplitude larger than DF/F0 = 0.3 were

accepted during the detection procedure. Moreover, the spark

detection method employed is not based on an amplitude

thresholding rule, but instead uses a multiscale wavelet detection

that takes morphological features such as the width (more than

1 mm and less than 4.5 mm) and the characteristic decay time (less

than 225 ms) of the calcium spark into account. This approach

makes the detection method less prone to false alarms and

provides a 10–30% increase in correctly detected sparks with

respect to manual detection by an expert. Spontaneous release

events that had a FWHM of more than 5 mm and a FDHM longer

than 225 ms were counted as a Ca2+ wave when determining the

frequency of Ca2+ waves.

Data analysis
To minimize variations between myocytes isolated from the

same animal, Ca2+ sparks recorded in the line-scanning mode

were recorded in 6–8 cells from each animal and averaged. The

average values were then used for statistical analysis unless

otherwise stated. Values used for statistical analysis are expressed

as mean6s.e.m. Two-tailed Student’s t-test was used to assess

significant differences when testing a specific effect. The threshold

for statistical significance was p = 0.05. ANOVA was used for

comparison of multiple effects and Student-Newman-Keuls post

test was used to evaluate the significance of specific effects.

Results

Identification and characterization of calcium sparks in
teleost cardiomyocytes

To determine whether spontaneous calcium release through the

RyR2 occurs in the teleost heart, trout cardiomyocytes were used

first because it is the best characterized teleost species. Myocytes

were loaded with fluo-4 and local calcium release from the SR was

detected using confocal line scanning. Figure 1A shows two

consecutive confocal line-scan images from a trout atrial myocyte.

Calcium sparks are indicated with arrowheads and the kinetics of

the calcium sparks detected in a 3 mm wide band (indicated with

red lines) are shown in the traces in below. For comparison, a

calcium spark preceding a calcium transient elicited by electrical

field stimulation is shown in figure 1B. Calcium sparks were

observed in 16 of 38 atrial myocytes subjected to confocal line

scanning, while preincubation with 30 mM of the SERCA

inhibitor cyclopiazonic acid (CPA) abolished calcium sparks and

calcium waves in myocytes from 4 different fish (data not shown).

The average frequency of calcium sparks and calcium waves is

summarized in figure 1C.

To further characterize the dimensions of calcium sparks in

trout atrial myocytes the width (FWHM), the decay (FDHM), and

the amplitude of calcium sparks were determined with the

membrane potential clamped to 280 mV in myocytes simulta-

neously subjected to patch-clamp technique and fast confocal

calcium imaging. Figure 2A shows consecutive two-dimensional

Figure 3. Calcium spark detection in zebrafish ventricular myocytes. A Zebrafish ventricular myocyte with indication of three spatially
distinct spark sites. B Spark activity for each of the three spark sites in panel A. Values were normalized to the fluorescence intensity at baseline (F/F0)
and sparks are indicated with arrowheads.
doi:10.1371/journal.pone.0023708.g003

Calcium Sparks in Trout and Zebrafish Heart
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images of a myocyte with a calcium spark. The corresponding

calcium transient recorded in a 3 mm wide circle is shown on the

right. Panel 2B summarizes the average FWHM, FDHM, and

amplitude of 23 sparks recorded in 8 trout. The spark frequency

was 6.161.4 min21. Figure 2C shows consecutive images of the

same myocyte during a calcium mini-wave with the resulting

global calcium transient shown on the right. To test whether

calcium sparks is a phenomenon particular to trout atrial

myocytes, we also subjected trout and zebrafish ventricular

myocytes to confocal calcium imaging, and sparks were detected

with line-scanning in 6 of 15 trout ventricular myocytes

(0.1260.09 mm21 min21). Calcium sparks were also present in

zebrafish ventricular myocytes. Figure 3A shows a zebrafish

ventricular myocyte with indication of three spatially distinct spark

sites, and the corresponding spark activity is shown for each spark

site in figure 3B. Sparks were observed in (8/10) myocytes from 8

zebrafish, and the spark frequency varied from myocyte to

myocyte (6.364.3 min21, n = 8). The spark amplitude of 47 sparks

from 8 zebrafish was 1.5060.03, the spark width (FWHM) and

duration (FDHM) at half maximum were 1.7360.13 mm and

30.162.5 ms respectively.

Role of the sarcoplasmic reticulum in teleost excitation-
contraction coupling

The presence of calcium sparks in trout and zebrafish

cardiomyocytes with characteristics similar to those reported in

mammalian species strongly support a functional role of the

ryanodine receptor in these species. To test this hypothesis, we

compared field stimulated calcium transients in trout atrial

myocytes before and after SR calcium depletion. Figure 4A shows

consecutive calcium transients recorded before SR calcium

depletion with 30 mM CPA and the right hand panel shows

superimposed calcium transients recorded before and after

exposure to CPA. Figure 4B shows that the amplitude of the

calcium transient was dramatically reduced and the time constant

for the decay of the calcium transient significantly increased in

myocytes from four trout exposed to CPA for 40 minutes when

compared to myocytes exposed to control solution for the same

period of time.

Calcium-dependent induction of afterdepolarizations in
teleost cardiomyocytes

To further investigate the role of SR calcium release in trout

cardiac myocytes, we used patch-clamp technique to detect

afterdepolarizations resulting from spontaneous SR calcium

release. Figure 5A shows representative recordings of an action

potential (left panel) and three consecutive recordings at rest in an

atrial myocyte. Notice two spontaneous membrane depolarizations

in the top and bottom traces at rest. Figure 5B shows how the

incidence of spontaneous membrane depolarizations depends on

the stimulation frequency immediately prior to the recording of

spontaneous membrane depolarizations (n = 9 myocytes). For

comparison the frequency of spontaneous calcium waves recorded

with confocal calcium imaging at 280 mV is shown on the right.

In the mammalian heart it is generally accepted that

spontaneous calcium release from the SR depends critically on

SR calcium loading. Therefore, to test if increased SR calcium

loading promotes spontaneous calcium release in trout, SR

calcium loading was stimulated by increasing the extracellular

calcium concentration from 2 to 5 or 10 mM calcium. As shown in

figure 6, elevation of the extracellular calcium concentration

induced both spontaneous afterdepolarizations in trout atrial

myocytes submitted to repetitive stimulation (figure 6A) and

Figure 4. SERCA inhibition strongly reduces the calcium
transient in trout myocytes. A Calcium transients recorded in a
trout atrial myocyte subjected to repetitive stimulation before
inhibition of SERCA with 30 mM cyclopiazonic acid (CPA). Calcium
transients recorded before and after exposure to CPA are superimposed
on the right. B Effect of CPA on the calcium transient amplitude. C
Effect of CPA on the time to half maximal decay of the calcium
transient. Significant effects of CPA are indicated with ** (p,0.01) and
* (p,0.05).
doi:10.1371/journal.pone.0023708.g004

Figure 5. Spontaneous membrane depolarizations in trout
atrial myocytes. A Recordings of action potential (left) and
spontaneous membrane depolarizations (right) in a trout atrial myocyte
subjected to current-clamp technique. Black arrowheads indicate
spontaneous membrane depolarizations associated with a spontaneous
cell shortening. B Dependency of the frequency of spontaneous
membrane depolarizations on the preceding stimulation frequency
(indicated below bars). For comparison the spontaneous calcium wave
frequency at rest is shown in the right panel.
doi:10.1371/journal.pone.0023708.g005

Calcium Sparks in Trout and Zebrafish Heart
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spontaneous membrane depolarizations and action potentials at

rest (figure 6B). Figure 6C summarizes the effect of increasing

calcium concentrations on the frequency of spontaneous events

recorded in 9 myocytes immediately after termination of

stimulation at the pacing rate given below bars. A similar effect

of the extracellular calcium concentration was observed in 15 trout

ventricular myocytes. Spontaneous membrane depolarizations

were observed in 7/15 myocytes and elevation of the extracellular

[Ca2+] increased their frequency from 0.2760.18 to 1.0660.33

events/min (p,0.05).

To verify that calcium is spontaneously released from the SR

and dependent on the SR calcium loading, we used rapid caffeine

applications to clear the SR calcium content and to estimate the

SR calcium. First, we determined the effect of increasing the

extracellular [Ca2+] from 2 to 5 mM on SR calcium loading by

integrating the transient inward Na+-Ca2+ exchange current

elicited by rapid caffeine application. Figure 7A shows the

transient inward Na+-Ca2+ exchange current elicited by a rapid

caffeine application (lower trace) and its time integral (upper trace)

recorded with 2 and 5 mM extracellular [Ca2+]. The right panel

shows the average SR calcium load with 2 and 5 mM extracellular

[Ca2+] in trout atrial myocytes (n = 5). Similar results were

obtained in trout ventricular myocytes (n = 4), and table 1

summarizes the effects of the extracellular [Ca2+] on the frequency

of spontaneous membrane depolarizations and SR calcium

loading in trout atrial and ventricular myocytes. Figure 7B shows

that increasing the extracellular [Ca2+] from 2 to 5 mM

concurrently induced spontaneous transient inward currents that

were associated with cell contractions (not shown). Figure 7C

shows that these transient inward currents were abolished when

the SR calcium content was cleared with a brief caffeine pulse.

Discussion

Role of the sarcoplasmic reticulum in teleost
cardiomyocytes

The present study provides direct evidence for an active

intervention of the SR in calcium handling on a beat-to-beat basis

in trout. Thus, depletion of the SR calcium content strongly

reduced the intracellular calcium transient (by 81%), a value that is

comparable to those reported in mammalian cardiomyocytes [1].

However, the time course of inhibition of SR calcium uptake was

slower than that observed in mammalian ventricular myocytes

[30,31]. This may at least partly be due to the 3–4 fold higher SR

calcium load at steady state [23,25] and a smaller fractional

calcium release from the SR in trout atrial myocytes [15,24,32]. As

a result, it will take longer time from the onset of SERCA

inhibition until the SR is depleted. In agreement with this it also

takes a large number of stimulation pulses to fully reload the SR

after calcium depletion with caffeine [25,33].

The present results support previous indirect findings showing

that the SR can contribute to the activation of contraction in trout

Figure 6. Extracellular calcium promotes early and delayed afterdepolarizations. A Triggered action potentials and spontaneous
afterdepolarizations recorded in a trout atrial myocyte paced at 1 Hz in 5 mM extracellular calcium. Trace length is 200 ms. B Spontaneous
membrane depolarizations recorded in a trout atrial myocyte exposed to increasing extracellular calcium concentrations (given above traces). Trace
length is 10 s. C Effect of the extracellular calcium concentration on the frequency of spontaneous membrane depolarizations at rest. The pacing rate
immediately before detection of the spontaneous membrane depolarizations is given below bars. ANOVA analysis showed that extracellular calcium
significantly increased spontaneous membrane depolarizations. Significant differences are indicated with * (between 2 and 5 mM Ca2+); # (between
2 and 10 mM Ca2+); and $ (between 5 and 10 mM Ca2+).
doi:10.1371/journal.pone.0023708.g006

Calcium Sparks in Trout and Zebrafish Heart
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ventricle [34]. It also agrees with a large SR calcium storage

capacity in trout cardiomyocytes [23,25,32,33], and SR calcium

uptake-rates sufficiently high to allow SR calcium re-uptake on a

beat-to-beat basis at physiological stimulation frequencies and

temperatures [23,32]. Furthermore, electrophysiological protocols

designed to trigger and measure SR calcium release estimated it be

near 50% of the total calcium transient [15,24,32]. The results

presented here suggest that the contribution could be even larger

in trout atrial myocytes.

Spontaneous sarcoplasmic reticulum calcium release in
teleost cardiomyocytes

The above findings strongly suggest that the SR does intervene

in the excitation-contraction coupling in trout cardiomyocytes. In

addition to this, the present study provides for the first time direct

measurements of both spontaneous and triggered calcium release

from the SR in trout and zebrafish, showing that the basic features

of calcium sparks such as dimensions and duration are similar to

those of calcium sparks recorded in mammalian and human

cardiomyocytes under comparable conditions [4,35]. Importantly,

the frequency of calcium sparks and spontaneous calcium waves in

trout atrial myocytes are also within the range of values previously

reported in mammalian and human atrial myocytes under similar

experimental conditions [4,35,36], supporting the notion that the

key features of SR calcium release through the ryanodine receptor

have been conserved phylogenetically. Interestingly, calcium

sparks with similar properties were also observed in zebrafish

ventricular myocytes. Since the L-type calcium current density is

large in zebrafish [27,37], this finding shows that myocytes can

have a high SR activity even though the ICa density is sufficiently

large to provide for the calcium required for the activation of

contraction.

It is not clear why a previous study on isolated trout

cardiomyocytes failed to detect calcium sparks under physiological

conditions [22], but initial experiments of the present study

showed that trout cardimoycytes are highly sensitive to excess laser

intensity.

Our recordings of spontaneous membrane depolarizations

induced by calcium release from the SR show that spontaneous

SR calcium release can even produce afterdepolarizations in trout

atrial myocytes, and in agreement with the effect of the

extracellular calcium concentration on spontaneous calcium

release reported in mammalian cells [38] we here observe that

elevation of the extracellular calcium concentration dramatically

increases the frequency of spontaneous membrane depolarizations

and spontaneous action potentials in both trout atrial and

ventricular myocytes.

The teleost heart as a model to study SR function and
cardiac arrhythmogenesis

The growing interest in teleost species such as medaka and

zebrafish as vertebrate models for studies of cardiovascular disease

and regeneration highlights the importance and broader physio-

logical relevance of the present findings. So far, the teleost

cardiomyocyte model has been considered of limited translational

value because a minor or rudimentary role of the SR in excitation-

contraction coupling of the ectothermic vertebrate heart has been

the prevailing paradigm. However, the present work demonstrates

Figure 7. Calcium dependency of spontaneous calcium release
and SR calcium load. A Transient inward Na+-Ca2+ exchange current
elicited by a rapid caffeine application (lower trace) and its time integral
(upper trace). The extracellular [Ca2+] is given above traces. The calcium
loading (estimated from the time integrals) with 2 and 5 mM
extracellular [Ca2+] is shown on the right. B Whole membrane currents
recorded in a trout atrial myocyte at -80 mV with 2 mM (black trace)
and 5 mM (grey trace) extracellular [Ca2+]. Traces are displaced by
50 mV for clarity. Notice the activation of numerous spontaneous
transient inward currents in 5 mM Ca2+. C Whole membrane current
recorded at 280 mV with 5 mM extracellular [Ca2+] before, during, and
after transient application of 10 mM caffeine (CAF). Notice that the
spontaneous inward currents disappear after CAF.
doi:10.1371/journal.pone.0023708.g007

Table 1. Effect of the extracellular [Ca2+] on the frequency of spontaneous membrane depolarizations and the SR calcium load in
trout atrial and ventricular myocytes.

Spontaneous depolarizations SR calcium loading

[Ca2+] 2 mM Ca 5 mM Ca 10 mM Ca 2 mM Ca 5 mM Ca 10 mM Ca

n events/min events/min events/min n amol/pF amol/pF amol/pF

Atrium 9 0.6160.30x 4.3362.19*,x 8.0761.99*,x 5 4.861.1 21.566.3*

Ventricle 15 0.2760.18 1.0660.33* 1.0760.36* 4 5.060.6 15.060.4*

Values significantly different from the corresponding value in 2 mM Ca2+ are indicated with *. A significant difference between trout atrial and ventricular myocytes is
indicated with x.
doi:10.1371/journal.pone.0023708.t001

Calcium Sparks in Trout and Zebrafish Heart
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that the SR is functionally well developed in teleost cardiomyoctes

and shares fundamental features such as calcium sparks (figures 1–

3) and the ability to trigger calcium induced afterdepolarizations

(figures 5–6) with the human heart [4,39,40]. Particularly, SR

function in neonatal mammalian and adult teleost cardiomyocytes

appears to have many common features. Morphologically, both

are slim and elongated and lack t-tubules [20,41,42]. The SR also

has about 3-fold higher calcium storing capacity in neonatal than

adult rabbit ventricular myocytes [43], and reverse mode Na+-

Ca2+ exchange has been shown to play a prominent role in both

trout [15,16] and neonatal cardiomyocytes [44,45].

This, combined with a strong similarity between teleost and

human action potential morphology [26,37,46] (as opposed to the

short and triangular shaped action potentials of murine cardio-

myocytes), the robustness of isolated teleost cardiomyocytes, and

the availability of morpholino antisense oligonucleotides in

zebrafish, proposes the teleost heart as a relevant model to study

genetic impact on SR function and cardiac arrhythmogenesis.

Conclusions

In summary, this is to the best of our knowledge the first report

demonstrating the presence of robust calcium sparks in the teleost

heart. Moreover, the dimensions, duration and frequency of

calcium sparks in trout and zebrafish cardiomyocytes are

comparable to values reported in mammalian and human

cardiomyocytes, suggesting that the basic features of calcium

release through the ryanodine receptor are conserved from teleost

to mammal. Moreover, the slow but dramatic reduction of the

calcium transient upon inhibition of SR calcium uptake suggests

that the SR plays a prominent role in calcium handling on a beat-

to-beat basis in trout and zebrafish cardiomyocytes, proposing

them as a new model useful for studying the impact of genetic or

pharmacological manipulation of SR function on cardiac

arrhythmogenesis.

Author Contributions

Conceived and designed the experiments: LHM. Performed the exper-

iments: AL CEM LHM. Analyzed the data: AL CEM EAL LT RB LHM.

Contributed reagents/materials/analysis tools: EAL LT RB LHM. Wrote

the paper: LHM.

References

1. Bers DM (2001) Excitation-Contraction Coupling and Cardiac Contractile

Force (Second Edition) Kluwer Academic Publishers.

2. Cheng H, Lederer WJ, Cannell MB (1993) Calcium sparks: elementary events
underlying excitation-contraction coupling in heart muscle. Science 262:

740–744.

3. Cannell MB, Cheng H, Lederer WJ (1995) The control of calcium release in

heart muscle. Science 268: 1045–1049.

4. Hove-Madsen L, Llach A, Bayes-Genis A, Roura S, Rodriguez Font E, et al.
(2004) Atrial fibrillation is associated with increased spontaneous calcium release

from the sarcoplasmic reticulum in human atrial myocytes. Circulation 110:
1358–1363.

5. Jiang D, Xiao B, Zhang L, Chen SR (2002) Enhanced basal activity of a cardiac

Ca2+ release channel (ryanodine receptor) mutant associated with ventricular
tachycardia and sudden death. Circ Res 91: 218–225.

6. Priori SG, Napolitano C, Memmi M, Colombi B, Drago F, et al. (2002) Clinical

and molecular characterization of patients with catecholaminergic polymorphic
ventricular tachycardia. Circulation 106: 69–74.

7. Schlotthauer K, Bers DM (2000) Sarcoplasmic reticulum Ca(2+) release causes

myocyte depolarization. Underlying mechanism and threshold for triggered
action potentials. Circ Res 87: 774–780.

8. Burashnikov A, Antzelevitch C (2003) Reinduction of atrial fibrillation
immediately after termination of the arrhythmia is mediated by late phase 3

early afterdepolarization-induced triggered activity. Circulation 107:

2355–2360.

9. Fischmeister R, Horackova M (1983) Variation of intracellular Ca2+ following

Ca2+ current in heart. A theoretical study of ionic diffusion inside a cylindrical
cell. Biophys J 41: 341–348.

10. Nabauer M, Ellis-Davies GC, Kaplan JH, Morad M (1989) Modulation of Ca2+
channel selectivity and cardiac contraction by photorelease of Ca2+. Am J Physiol
256: H916–920.

11. Fabiato A (1982) Calcium release in skinned cardiac cells: variations with

species, tissues, and development. Fed Proc 41: 2238–2244.

12. Argibay JA, Fischmeister R, Hartzell HC (1988) Inactivation, reactivation and

pacing dependence of calcium current in frog cardiocytes: correlation with
current density. J Physiol 401: 201–226.

13. Hove-Madsen L, Tort L (1998) L-type Ca2+ current and excitation-contraction

coupling in single atrial myocytes from rainbow trout. Am J Physiol 275:
R2061–2069.

14. Shiels HA, Blank JM, Farrell AP, Block BA (2004) Electrophysiological

properties of the L-type Ca2+ current in cardiomyocytes from bluefin tuna
and Pacific mackerel. Am J Physiol Regul Integr Comp Physiol 286: R659–668.

15. Hove-Madsen L, Llach A, Tibbits GF, Tort L (2003) Triggering of sarcoplasmic

reticulum Ca2+ release and contraction by reverse mode Na+/Ca2+ exchange in
trout atrial myocytes. Am J Physiol Regul Integr Comp Physiol 284:

R1330–1339.

16. Hove-Madsen L, Tort L (2001) Characterization of the relationship between

Na+ -Ca2+ exchange rate and cytosolic calcium in trout cardiac myocytes.

Pflugers Arch 441: 701–708.

17. Vornanen M (1999) Na+/Ca2+ exchange current in ventricular myocytes of fish

heart: contribution to sarcolemmal Ca2+ influx. J Exp Biol 202(Pt 13):
1763–1775.

18. Gillis TE, Marshall CR, Xue XH, Borgford TJ, Tibbits GF (2000) Ca(2+)

binding to cardiac troponin C: effects of temperature and pH on mammalian

and salmonid isoforms. Am J Physiol Regul Integr Comp Physiol 279:

R1707–1715.

19. Santer RM (1974) The organization of the sarcoplasmic reticulum in teleost

ventricular myocardial cells. Cell Tissue Res 151: 395–402.

20. Vornanen M (1998) L-type Ca2+ current in fish cardiac myocytes: effects of

thermal acclimation and beta-adrenergic stimulation. J Exp Biol 201: 533–547.

21. el-Sayed MF, Gesser H (1989) Sarcoplasmic reticulum, potassium, and cardiac

force in rainbow trout and plaice. Am J Physiol 257: R599–604.

22. Shiels HA, White E (2005) Temporal and spatial properties of cellular Ca2+ flux

in trout ventricular myocytes. Am J Physiol Regul Integr Comp Physiol 288:

R1756–1766.

23. Hove-Madsen L, Llach A, Tort L (1998) Quantification of Ca2+ uptake in the

sarcoplasmic reticulum of trout ventricular myocytes. Am J Physiol 275:

R2070–2080.

24. Hove-Madsen L, Llach A, Tort L (1999) Quantification of calcium release from

the sarcoplasmic reticulum in rainbow trout atrial myocytes. Pflugers Arch 438:

545–552.

25. Hove-Madsen L, Llach A, Tort L (2000) Na+/Ca2+-exchange activity regulates

contraction and SR Ca(2+) content in rainbow trout atrial myocytes. Am J Physiol

Regul Integr Comp Physiol 279: R1856–1864.

26. Molina CE, Gesser H, Llach A, Tort L, Hove-Madsen L (2007) Modulation of

membrane potential by an acetylcholine-activated potassium current in trout

atrial myocytes. Am J Physiol Regul Integr Comp Physiol 292: R388–395.

27. Zhang PC, Llach A, Sheng XY, Hove-Madsen L, Tibbits GF (2010) Calcium

handling in zebrafish ventricular myocytes. Am J Physiol Regul Integr Comp

Physiol.

28. Hove-Madsen L, Prat-Vidal C, Llach A, Ciruela F, Casado V, et al. (2006)

Adenosine A2A receptors are expressed in human atrial myocytes and modulate

spontaneous sarcoplasmic reticulum calcium release. Cardiovasc Res 72:

292–302.
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