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Abstract
Zebrafish (Danio rerio) have become a popular model in cardiovascular research mainly

due to identification of a large number of mutants with structural defects. In recent years,

cardiomyopathies and other diseases influencing contractility of the heart have been stud-

ied in zebrafish mutants. However, little is known about the regulation of contractility of the

zebrafish heart on a tissue level. The aim of the present study was to elucidate the role of

trans-sarcolemmal Ca2+-flux and sarcoplasmic reticulum Ca2+-release in zebrafish myocar-

dium. Using isometric force measurements of fresh heart slices, we characterised the ef-

fects of changes of the extracellular Ca2+-concentration, trans-sarcolemmal Ca2+-flux via L-

type Ca2+-channels and Na+-Ca2+-exchanger, and Ca2+-release from the sarcoplasmic re-

ticulum as well as beating frequency and β-adrenergic stimulation on contractility of adult

zebrafish myocardium. We found an overall negative force-frequency relationship (FFR). In-

hibition of L-type Ca2+-channels by verapamil (1 μM) decreased force of contraction to 22

±7% compared to baseline (n=4, p<0.05). Ni2+ was the only substance to prolong relaxation

(5 mM, time after peak to 50% relaxation: 73±3 ms vs. 101±8 ms, n=5, p<0.05). Surprisingly

though, inhibition of the sarcoplasmic Ca2+-release decreased force development to 54±3%

in ventricular (n=13, p<0.05) and to 52±8% in atrial myocardium (n=5, p<0.05) suggesting a

substantial role of SR Ca2+-release in force generation. In line with this finding, we observed

significant post pause potentiation after pauses of 5 s (169±7% force compared to baseline,

n=8, p<0.05) and 10 s (198±9% force compared to baseline, n=5, p<0.05) and mildly posi-

tive lusitropy after β-adrenergic stimulation. In conclusion, force development in adult zebra-

fish ventricular myocardium requires not only trans-sarcolemmal Ca2+-flux, but also intact

sarcoplasmic reticulum Ca2+-cycling. In contrast to mammals, FFR is strongly negative in
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the zebrafish heart. These aspects need to be considered when using zebrafish to model

human diseases of myocardial contractility.

Introduction
The popularity of the Zebrafish (Danio rerio) as a model organism in cardiovascular research is
a result of features such as a high degree of genetic homology with mammals and especially hu-
mans, ease of handling and reproduction, and straightforward techniques for genetic manipu-
lation like gene-specific antisense knockdown using morpholino oligonucleotides [1]. A major
experimental advantage is that, especially in early stages of development, the transparency of
zebrafish embryos permits in vivo imaging of cardiovascular structures [1].

These experimental advantages are opposed by profound anatomical differences between
the zebrafish and the human heart. A key distinction is that the zebrafish heart does not under-
go septation. Thus, it remains two-chambered and is composed of an inflow tract, sinus veno-
sus, a single atrium, and a single ventricle which is separated from the atrium by endocardial
cushions. In addition, ventricular myocardium of the zebrafish consists of an outer compact
layer and a trabeculated inner layer [2] while the healthy human left ventricle is characterised
by the compactness of the myocardial wall. On the cellular level, zebrafish ventricular cardio-
myocytes lack a t-tubular system [3–4] which is an essential component of excitation-contrac-
tion (EC) coupling in the mammalian heart.

One might argue that these prominent structural differences must be accompanied by func-
tional differences of the same order. Surprisingly, with regard to electrophysiological function,
the two-chambered zebrafish heart shares many properties with the human heart. Zebrafish
possess a cardiac conduction system similar to the human heart and the heart rate is controlled
by a group of pacemaking cells in the sinoatrial region [5]. Heart rate [6] as well as shape of the
ventricular action potential [3] are similar to the human correlate. This is in stark contrast with
other model systems such as mice whose heart rates and repolarisation characteristics funda-
mentally differ from the human heart. Thus, zebrafish are an interesting and complementary
model to study electrophysiological disorders such as the long QT syndrome [7].

Moreover, zebrafish have amply been used to study disorders of contractility such as dilated
cardiomyopathy. Mutations in components of the contractile apparatus like titin [8], tropomy-
osin [9], troponin T type 2 [10], myosin light-chain-2 [11] were shown to lead to ventricular di-
lation and reduced contractile performance.

Whether zebrafish is however a truly attractive model to study contractility and contractile
dysfunction depends on how close zebrafish cardiomyocytes mimic EC coupling of the mam-
malian heart. In mammals [12], electrical excitation leads to influx of extracellular calcium
through the L-type Ca2+ channel (LTCC). This leads to a local rise of the calcium concentration
which activates the ryanodine receptor (RyR) in the membrane of the sarcoplasmic reticulum
(SR) to release a greater amount of Ca2+. This process of Ca2+-induced Ca2+-release (CICR) re-
quires however a direct interface between the cell and the SR membrane which is enabled in
mammalian cardiomyocytes by invaginations of the cell membrane, so called t-tubules. Ca2+ is
mainly removed from the cytosol by reuptake into the SR as well as trans-sarcolemmal Ca2+-ef-
flux through the Na

+

-Ca2+-exchanger (NCX) and a sarcolemmal Ca2+-ATPase.
Fundamental differences in Ca2+-cycling seem to exist between mammalian and zebrafish

cardiomyocytes. T-tubules are absent in zebrafish cardiomyocytes [3–4] and accordingly trans-
sarcolemmal Ca2+-influx is reported to be the main contributor to the Ca2+-transient while
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CICR from the SR seems to play a lesser role [4, 13]. It has however not been clarified to what
extent these differences impact on the regulation of force development in the zebrafish heart.
Therefore, in the present study, we characterised the contractile behaviour of the zebrafish ven-
tricle using a heart slice model established in our group [14]. Specifically, we investigated the
effects of changing contraction frequency, of modulating extracellular calcium and calcium in-
flux, of inhibiting SR Ca2+-release, of inhibiting NCX, and of β-adrenergic stimulation on
isometric contractions.

Materials and Methods

Animals
Zebrafish (Cologne wild-type strain) stocks were maintained at 27.2°C at 12-h light/12-h dark
cycle. Fish were fed with flake food, brine shrimps and lobster eggs. Adult wild-type zebrafish
of both sexes were used at the age of 3–4 months for all experiments. All animal procedures
were in accordance to the Guidelines of the animal welfare committee of the University of Co-
logne and were approved by the North Rhine-Westphalia State Agency for Nature, Environ-
ment and Consumer Protection (LANUV, approval no. 84–02.05.20.13.020). Schedule 1 killing
was performed under general anaesthesia, and all efforts were made to minimise suffering.

Preparation of ventricular tissue slices
Zebrafish were anaesthetised (150 mg/l tricaine in 300 mg/l sodium bicarbonate solution),
cooled down on ice and decapitated. Hearts were excised and transferred into cold (4°C) Ca2
+-free Tyrode’s solution (composition in mM: NaCl 136, KCl 5.4, NaH2PO4 0.33, MgCl2 1, glu-
cose 10, HEPES 5; pH 7.4 adjusted with NaOH) continuously bubbled with pure oxygen. Ven-
tricles were separated from the atria and surrounding tissue (Fig 1A) and ventricular slices
were prepared as described previously [14]. Briefly, ventricles were embedded in 4% low-melt-
ing agarose (Carl Roth, Karlsruhe, Germany). After solidification of the agarose, ventricles
were sectioned with steel blades (Campden Instruments, Leicester, England) along the short
axis into 300 μm thick tissue slices (Fig 1B and 1C) using a vibratome (VT1000S, Leica Micro-
systems, Wetzlar, Germany). Up to 3 ventricular slices could be prepared from a single heart.
To induce Ca2+ tolerance, extracellular Ca2+ concentration was increased to 0.9 mM in a single
step. After 30 minutes, ventricular slices were transferred to cold (4°C) Iscove’s modified Dul-
becco’s medium (IMDM, Life Technologies GmbH, Darmstadt, Germany) supplemented with
20% fetal calf serum (FCS, Life Technologies GmbH). Temperature was raised slowly to 29°C
for at least 1 h. Slices were used for experiments between day 0 and 2.

Due to the small dimensions of the zebrafish atrium (Fig 1A), preparation of atrial slices
was not feasible. Therefore, for the preparation of atrial myocardium, hearts were transferred
into ice-cold Ca2+-free Tyrode’s solution and surrounding ventricular and bulbar tissue was re-
moved. Analogue to ventricular tissue, Ca2+ concentration was increased to 0.9 mM in a single
step and atria were transferred into IMDM supplemented with 20% FCS after 30 min. Temper-
ature was raised slowly to 29°C for at least 1 h.

Isometric force measurements
Our setup was similar to the one used for force measurements of vascular rings [15]. Since slic-
ing the ventricle orthogonal to the long axis resulted in a tissue ring (Fig 1B), the ventricular
cavity provided a preformed hole that facilitated the mounting of the specimen. Slices were
mounted onto J-shaped steel needles connected to an isometric force transducer (Scientific In-
struments, Heidelberg, Germany) as described in detail previously [14] (Fig 1C). Specimens
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Fig 1. Preparation and histology of zebrafish ventricular myocardial tissue slices. (A) Excised zebrafish heart. Slices were sectioned along the short
axis as displayed by the sectional plane. (B) Picture of a myocardial tissue slice. Dashed circle encloses the ventricular cavity used for mounting on the force
setup. (C) Technique used for mounting of tissue slices. The slice is impaled on a glass capillary with a conic tip. The lumen of the capillary is placed on the
tips of the J-shaped hooks and the tissue slice is pushed down. Afterwards the hooks with the slice are lowered into the medium-containing measuring
chamber. (D-M) Histological and immunohistochemical stainings of myocardial tissue slices. HE staining of cryosections (8 μm) obtained from a myocardial
tissue slice at day 0 (D), day 1 (G) and day 2 (K). Cyrosections stained against sarcomeric-α-actinin (green) at day 0 (E-F), day 1 (H-I) and day 2 (L-M). Nuclei
are counterstained with Hoechst (blue).

doi:10.1371/journal.pone.0125654.g001
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were immersed in a dish filled with IMDM without serum (1.97 mM Ca2+) unless otherwise
stated. Temperature was maintained at 29°C and solution was continuously bubbled with car-
bogen (95% O2; 5% CO2). Field stimulation was performed by silver electrodes (8–24 V, pulse
duration 5 ms) connected to a custom-made stimulator. Length of specimens was increased
stepwise to the length of maximal force development during continuous stimulation at 1 or 2
Hz. Analogue signals from the force transducer (KG7A; range 0–5 mN, resolution 0.2 N, reso-
nance frequency 250–300 Hz) were amplified with a bridge amplifier (BAM7C; Scientific In-
struments). Signals were digitised at a sampling frequency of 1 kHz. For recording and off-line
analysis, we used DasyLab version 7.0 (National Instruments, Munich, Germany).

Experimental protocols and data analysis
To determine the force-frequency relationship (FFR), ventricular slices were paced according
to a stimulation protocol of alternating higher and lower frequencies (3.0, 2.0, 4.0, 2.5, 1.0, 3.5,
1.5, 0.5, 6.0 Hz for 2 minutes at each frequency). The last 30 seconds of each stimulation period
were analysed to evaluate the effect of frequency on the twitches. Post-pause potentiation be-
haviour of the slices was studied by interrupting field stimulation for 5 or 10 seconds after 2
minutes of constant electrical stimulation at 2 Hz. The first beat after quiescent periods was
analysed and normalised to the steady-state condition represented by the mean of the devel-
oped force of the last 10 beats before the rest interval. Measurements to assess the response to
ascending extracellular calcium concentration ([Ca2+]ec) were performed in Tyrode’s solution
allowing the exposure to low [Ca2+]ec beneath 1.97 mM. Composition of Tyrode’s solution was
equal to the one used for slicing except for the addition of 2 mM sodium pyruvate. All pharma-
cological experiments were performed during constant field stimulation at 1 or 2 Hz. After re-
cording of baseline conditions for 10 minutes, drugs were administered and recorded for 10
minutes for each concentration. For data analysis, signals were filtered (moving average, high-,
and low-pass Bessel filters; 0.05 Hz, 15 Hz, 8th order) and baseline correction was achieved by
an automated algorithm (moving arithmetic average of 1000 samples after above described
high- and low-pass filtering). To investigate changes of twitch morphology, single contractions
were averaged during steady state conditions (30 to 300 seconds before next experimental step)
using an automated algorithm.

Histology
Slices were fixed in 4% paraformaldehyde for 2 hours at room temperature. Afterwards 8 μm
thick cyrosections were prepared and stained with hematoxylin & eosin (HE; Carl Roth, Karls-
ruhe, Germany). Pictures were acquired with a Zeiss Axiovert 200 microscope (Carl Zeiss,
Jena, Germany). For immunohistochemical investigations, enzymatic antigen retrieval was car-
ried out by using trypsin. Sarcomeric-α-actinin antibody (clone EA53, 1:800; Sigma-Aldrich)
was applied to examine sarcomere morphology. Anti-mouse IgG1 Alexa Fluor 555 (1:1000;
Life Technologies GmbH) was used for secondary detection followed by nuclear staining with
Hoechst 33342. Stained sections were imaged using a Zeiss Axiovert 200 microscope and the
image processing software AxioVision release version 4.6 (both Carl Zeiss).

Solutions
All chemicals for buffer and stock solution preparation were purchased from Sigma-Aldrich
Chemie GmbH, Steinheim, Germany, unless otherwise stated. CaCl2 stock solution was dis-
solved in Tyrode’s solution at a concentration of 100 mM. NiCl2 was dissolved in IMDM at a
concentration of 200 mM. (±)-Verapamil (VER) stock solution was prepared in demineralised
water at a concentration of 1 mM. Ryanodine (Ry) stock solution was prepared in ethanol at a
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concentration of 2 mM. (-)-Isoproterenol (ISO) was dissolved in Aqua dest. at a concentration
of 1 mM with 10 mM ascorbic acid.

Statistical analysis
Results from pooled data are presented as mean ± SEM. Statistical analysis was performed
using an ANOVA test followed by a Student-Newman-Keuls test, a Student t-test or ANOVA
repeated measures, as appropriate, using IBM SPSS Statistics Version 22 (IBM, Armonk, NY,
USA). p< 0.05 was considered statistically significant.

Results

Histology and immunohistochemistry of fresh and cultured slices
The trabecularised structure as well as the cross-striated pattern of α-actinin of the zebrafish ven-
tricle was well preserved after the preparation of ventricular slices (Fig 1D, 1E and 1F). The cross-
striated pattern of a-actinin could be observed on day 1 (Fig 1G, 1H and 1I), day 2 (Fig 1K, 1L
and 1M) and day 4 days (S1A, S1B and S1C Fig). The trabecularisation was partly lost over the
culture period of 4 days (S1A and S1B Fig). When cultured under hypoxic conditions (1% O2, 5%
CO2, 37°C), cross-striation was almost completely lost after 2 days (S1D, S1E and S1F Fig).

Force frequency relationship
We observed an overall negative FFR (Fig 2A and 2B) in all preparations. Stimulation frequencies
in our protocol ranged from 0.5 Hz to 6 Hz, however none of the preparations was able to follow
stimulation frequencies of 6 Hz and only 1 preparation reached 4 Hz. 4/9 preparations were able
to contract at 3.5 Hz, 6/9 at 3 Hz, 8/9 at 2.5 Hz, and 9/9 at both 1.0 Hz and 1.5 Hz. Due to sponta-
neous contractions, stimulation rates of 1.0 Hz and 0.5 Hz could be achieved only in 7/9 and 6/9
preparations, respectively. Force increased at lower frequencies (0.5 Hz: 282 ± 41%, n = 6; 1.0 Hz:
193 ± 22%, n = 7; 1.5 Hz: 140 ± 9%, n = 9, all p< 0.05, normalised to force of contraction at 2 Hz
of individual experiments) and decreased at higher frequencies (2.5 Hz: 77 ± 5%, n = 8; 3.0 Hz:
40 ± 9 Hz, n = 6; 3.5 Hz: 39 ± 12, n = 4, all p< 0.05, normalised to force of contraction at 2 Hz).

As changes in resting tension might contribute to a negative FFR, we calculated the ratio of
change in resting tension and change in amplitude in order to express the contribution of
changes in resting tension to a negative FFR. If frequency was reduced from 2 Hz to 1 Hz, a de-
crease in resting tension contributed to 16 ± 5% of amplitude change, if increased from 1 Hz to
3 Hz, an increase in resting tension contributed to amplitude change by 6 ± 1%. If decreased
from 3 Hz to 2 Hz, resting tension contributed 17 ± 4% of amplitude change (S2 Fig).

Twitch morphology was strongly affected by changes in contraction frequency (Fig 2C).
Contraction as well as relaxation accelerated at higher frequencies. Maximum contraction ve-
locity relative to twitch amplitude increased from 7.6 ± 0.4 s-1 at 0.5 Hz to 13.6 ± 1.2 s-1 at 3.5
Hz (Fig 2D). Correspondingly, time to peak gradually decreased from 247 ± 19 ms at 0.5 Hz
(n = 6) to 160 ± 7 ms at 3.5 Hz (n = 4) (Fig 2E). Duration of relaxation shortened with increas-
ing frequencies indicated by the decrease of time after peak to 50%, 75%, and 90% relaxation
(50% relaxation: 109 ± 14 ms at 0.5 Hz to 84 ± 4 ms at 3.5 Hz; 75% relaxation: 153 ± 23 ms at
0.5 Hz to 116 ± 5 ms at 3.5 Hz; 90% relaxation: 205 ± 34 ms at 0.5 Hz to 143 ± 4 ms at 3.5 Hz,
n = 6 for 0.5 Hz and n = 4 for 3.5 Hz) (Fig 2F).

Effects of [Ca2+]ec and LTCC inhibition
Myocardial contractility strongly depends on [Ca2+]ec. To test the effects of varying [Ca

2+]ec on
force of contraction, we increased [Ca2+]ec stepwise (0.0, 0.5, 2.5, 4.5, 6.5, 8.5 mM) using a
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Fig 2. Force-frequency relationship in zebrafish ventricular myocardium. (A) Isometric contractions of a
zebrafish ventricular slice (FFR protocol). Original trace (top) and magnified twitches (bottom). Twitch
amplitudes were highest at the lowest stimulation frequency (0.5 Hz) and decreased steadily with increasing
stimulation frequency. (B) Zebrafish ventricular slices showed an overall negative FFR. Changes of force of
contraction were normalised to values at 2 Hz for each individual measurement. (C) Contraction and
relaxation kinetics were dependent on the stimulation frequency (representative experiment, top: original
averaged twitches, bottom: normalised averaged twitches). Peak force was reached faster at higher
stimulation frequencies. (D) Maximal contraction velocity normalised to amplitude (dF/dtmax) was increased
at higher stimulation rates, while maximal relaxation velocity normalised to amplitude (dF/dtmin) was
unchanged. (E) Time to point of maximal contraction velocity (dF/dtmax) and time to peak (TTP) decreases at
higher stimulation rates indicating an acceleration of contraction. (F) Relaxation of ventricular slices was also
accelerated with increasing stimulation frequency, but not as marked as during contraction. All data are
expressed as mean ± SEM; asterisks indicate statistical significant differences (p < 0.05 vs. values at a
stimulation frequency of 2 Hz).

doi:10.1371/journal.pone.0125654.g002
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nominally Ca2+-free Tyrode’s solution under constant field stimulation at 1–2 Hz. Withdrawal
of extracellular Ca2+ abolished generation of force completely in all preparations (n = 5). The
force of contraction increased with ascending [Ca2+]ec (Fig 3A and 3B). Compared to force of
contraction at [Ca2+]ec of 2.5 mM, force of contraction was 13 ± 3% at 0.5 mM and increased
to 175 ± 13% at 4.5 mM, to 231 ± 24 at 6.5 mM, and to 275 ± 33% at 8.5 mM (n = 5, all
p< 0.05 compared to [Ca2+]ec of 2.5 mM).

Application of the LTCC blocker VER decreased force of contraction in a dose-dependent
manner (0.01 μM: 90 ± 4%, 0.1 μM: 65 ± 9%, 1 μM: 22 ± 7%, compared to baseline, n = 4,

Fig 3. Influence of extracellular calcium concentration and LTCC inhibition. (A) Higher [Ca2+]ec led to increased force of contraction (constant field
stimulation, 1 or 2 Hz). In nominally Ca2+-free Tyrode’s solution, no force was generated. Force of contraction for each [Ca2+]ec was normalised to values at
2.5 mM [Ca2+]ec. Results are expressed as mean ± SEM, asterisks indicate significant differences to force of contraction at 2.5 mM [Ca2+]ec (p < 0.05). (B)
Effect of ascending [Ca2+]ec on twitch morphology (representative experiment, averaged twitches). Twitches were mildly prolonged for high [Ca2+]ec. (C)
Administration of LTCC blocker VER reduced force of contraction in a dose-dependent manner. Data are expressed as mean normalised to baseline ± SEM;
asterisks indicate statistically significant differences (p < 0.05 vs. baseline). (D) Original averaged twitches of a representative experiment showing the twitch
amplitude reduction after VER administration.

doi:10.1371/journal.pone.0125654.g003
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p< 0.05 for baseline vs. 0.1 μM and 1 μM) (Fig 3C). Twitch morphology was not affected by
application of VER (Fig 3D).

Post pause potentiation
Amain feature of mammalian myocardium is an increase in contractility after rest which—in
mammals—mainly depends on intact SR Ca2+ loading during rest. We studied post pause po-
tentiation after 5 s and 10 s (Fig 4A and 4B) rest intervals. Force of contraction increased to
169 ± 7% after 5 s rest compared to steady state baseline (n = 8, p< 0.05) and 198 ± 9% after
10 s rest compared to steady state baseline (n = 5, p< 0.05). Thus, we observed a considerable
degree of post pause potentiation.

Inhibition of RyR mediated SR Ca2+-release
As post pause potentiation suggests an involvement of SR Ca2+-cycling in force generation, we
further characterised the relevance of SR Ca2+-release by inhibition of RyR by Ry (1 μM). Ry
decreased force of contraction to 54 ± 3% (n = 13, p< 0.05) compared to baseline (Fig 4C and
4D). Twitch morphology was not affected by Ry (Fig 4D).

As SR Ca2+-cycling is involved in the frequency-dependent regulation of force, we postulat-
ed that Ry would affect FFR in zebrafish myocardium. We used an abbreviated FFR protocol
(2.0 Hz, 1.0 Hz, 3.0 Hz, 2 minutes each) before and after application of Ry (Fig 4E). Compared
to baseline, force of contraction decreased significantly to 66 ± 4% at 1 Hz, 58 ± 3% at 2 Hz,
and 52 ± 3% at 3 Hz (n = 8, p< 0.05 each). Thus, contribution of SR Ca2+-release to force gen-
eration seems to be frequency-dependent.

In addition to ventricular myocardium, we postulated that SR Ca2+-release contributes to
force generation in the zebrafish atrium. While atrial myocardium showed a higher maximum
contraction and relaxation velocity (maximum contraction velocity normalised to twitch am-
plitude: atrial (n = 4) 23.4 ± 4.3 s-1 vs ventricular (n = 13) 11.8 ± 0.3 s-1, p< 0.05; maximum re-
laxation velocity normalised to twitch amplitude: atrial (n = 4) 15.6 ± 1.5 s-1 vs ventricular
(n = 13) 10.9 ± 0.3 s-1, p< 0.05), application of ryanodine decreased force of contraction to
52 ± 8% (n = 4, p< 0.05) compared to baseline (Fig 4C and 4D) Thus, despite a different twitch
morphology, RyR-dependent Ca2+-release substantially contributed to force generation both in
ventricular and atrial myocardium.

Effects of NiCl2
To study the effects of NCX inhibition on force generation, we used NiCl2 which is known for
its moderately specific inhibitory action on NCX. Application of NiCl2 decreased force of con-
traction to 97 ± 1% at 0.1 mM, 88 ± 3% at 1.0 mM, 83 ± 4% at 2.0 mM and 38 ± 5% at 5.0 mM
(n = 5, all p< 0.05 compared to baseline) (Fig 5A). In contrast to the LTCC blocker VER and
RyR inhibition by Ry, NiCl2 significantly prolonged relaxation at a concentration of 5.0 mM
(time after peak to 50% relaxation: 73 ± 3 ms vs. 101 ± 8 ms; 75% relaxation: 95 ± 3 ms vs.
146 ± 10 ms; 90% relaxation: 128 ± 5 vs. 193 ± 12 ms, n = 5, all p< 0.05) (Fig 5B and 5D). Con-
sistently, maximum relaxation velocity relative to twitch amplitude was reduced from 11.1 ± 0.5
s-1 to 7.1 ± 0.5 s-1 (n = 5, p< 0.05) (Fig 5C). Relaxation was not affected by lower concentra-
tions and maximum contraction velocity was not changed by NiCl2 at all (Fig 5C and 5D).

Effects of β-adrenergic stimulation
The β-adrenergic agonist ISO increased force of contraction (Fig 6A and 6B). Normalised to
baseline, force of contraction increased to 102 ± 3% at ISO 10-9 M, to 101 ± 4% at ISO 10-8 M,
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Fig 4. Contribution of SR to developed force. (A) Post-pause potentiation behaviour of zebrafish ventricular slices (representative experiment, top: 5
seconds rest-interval, bottom: 10 seconds rest-interval). (B) The twitch amplitudes of the first contraction were increased after a rest interval. Prolonging of
rest intervals resulted in higher amplitudes. Force of contraction was normalised to steady-state force before the pause. (C) Effect of Ry Blocking of RyR
receptor by 1 μMRy leads to a reduction of force of contraction in ventricular slices and whole atrium. Force of contraction was normalised to baseline. (D)
Original averaged twitches before and after Ry application of a ventricular slice (upper panel) and an atrium (lower panel). (E) Abbreviated FFR protocol
(2.0Hz, 1.0 Hz, 3.0 Hz) before and after application of Ry (1 μM). Force of contraction decreased stronger at higher stimulation frequencies after application
of Ry. Data are expressed as mean ±SEM, asterisks indicate statistically significant differences (p < 0.05 vs. steady state or between stimulation
frequencies).

doi:10.1371/journal.pone.0125654.g004
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to 112 ± 6% at ISO 10-7 M, 144 ± 14% at ISO 10-6 M and 154 ± 18% at ISO 10-5 M (n = 5,
p< 0.05 for baseline vs. ISO 10-6 and 10-5 M, respectively). Force did not further increase at
ISO 10-4 M (145 ± 13%, p< 0.05 vs. baseline). In addition to the positive inotropic effect, ISO
accelerated relaxation mildly (Fig 6B). Maximum relaxation velocity normalised to twitch am-
plitude was increased from 12.0 ± 0.5 s-1 at baseline to 12.6 ± 0.5 s-1 at ISO 10-7 M, to 13.5 ± 0.4
s-1 at 10-6 M, to 14.3 ± 0.3 s-1 at 10-5 M and to 14.3 ± 0.2 at ISO 10-4 M (n = 5; p< 0.05 vs.

Fig 5. Effects of Ni2+. (A) Force of contraction after application of increasing doses of NiCl2 relative to baseline. NiCl2 reduced developed force in a dose-
dependent manner. (B) Averaged twitches of a single experiment after application of 5 mM NiCl2 compared to baseline. Upper panel: peak force of
contraction was reduced. Lower panel (normalised to baseline): relaxation was prolonged after application of 5 mM NiCl2. (C) Contraction and relaxation
kinetics relative to amplitude. Maximum contraction velocity (dF/dtmax) was not affected by NiCl2. Maximum relaxation velocity (dF/dtmin) was significantly
reduced after application of 5 mM NiCl2, but not affected at lower concentrations. (D) Time after peak to 50%, 75%, and 90% relaxation after application of
NiCl2. Only 5 mM, but not lower concentrations, of NiCl2 prolonged relaxation significantly. Data are represented as mean ± SEM, asterisks indicate
statistically significant differences (* p < 0.05 vs. baseline).

doi:10.1371/journal.pone.0125654.g005
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baseline). Shortening velocity was significantly increased only at ISO 10-4 M (12.9 ± 0.6 s-1 vs.
12.0 ± 0.5 s-1 at baseline, p< 0.05), but not at lower concentrations.

Effects of temperature changes on contractility
Normalised to 29°C, force of contraction decreased to 88 ± 7% at 23°C and increased to
108 ± 6% at 32°C and to 129 ± 11% at 37°C (n = 5, n.s., S3A and S3B Fig). Contraction as well
as relaxation velocity were significantly decreased at 23°C and increased at 32°C and 37°C
(Contraction velocity relative to amplitude: 8.4 ± 0.7 s-1 at 23°C, 14.5 ± 1.0 s-1 at 32°C and
21.3 ± 2.0 s-1 at 37°C vs. 11.7 ± 0.8 s-1 at 29°C, n = 5, p< 0.05; relaxation velocity relative to
amplitude: 8.5 ± 0.2 s-1 at 23°C, 12.8 ± 0.3 s-1 at 32°C and 14.9 ± 0.6 s-1 at 37°C vs. 11.6 ± 0.2 s-1

at 29°C, n = 5, p< 0.05; S3B and S3C Fig). Accordingly, relaxation kinetics were significantly
affected (S3D Fig).

Discussion
In the present study, we used isometric force measurements of zebrafish ventricular heart slices
in order to characterise intrinsic and extrinsic regulators of force of contraction and to deter-
mine whether zebrafish ventricular myocardium has similar contractile properties to mamma-
lian myocardium. In summary, we observed that (1) viable slices of zebrafish ventricular
myocardium could be prepared, (2) zebrafish ventricular myocardium showed an overall-nega-
tive FFR, (3) contractility was regulated by extracellular Ca2+ and trans-sarcolemmal Ca2+-flux
via LTCC, (4) application of NiCl2 but not VER prolonged relaxation, and most importantly,
(5) inhibition of SR Ca2+-release by application of Ry significantly reduced force
of contraction.

Due to the simplicity of the preparation and experimental approach, heart slices have be-
come a popular technique especially in the recent years and have been prepared from many
mammalian species [16]. While a zebrafish whole-heart preparation is relatively straightfor-
ward compared to mammalian whole-heart preparations and can even be maintained in cul-
ture up to three days in vitro [17], heart slices are particularly suitable for isometric force
measurements of ventricular working myocardium [14]. Histologically and

Fig 6. β-adrenergic stimulation. (A) Administration of β-adrenergic agonist ISO resulted in a dose-dependent increase of developed force under constant
field stimulation of 2 Hz. Data are expressed as mean ± SEM, asterisks indicate statistically significant differences (p < 0.05 vs. baseline). (B) Original
averaged twitches (left) before and after administration of 10 μM ISO and the corresponding normalised averaged twitches (right). Relaxation was
mildly accelerated.

doi:10.1371/journal.pone.0125654.g006
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immunohistochemically, we observed a preservation of the sarcomeric organisation of α-acti-
nin up to four days after preparation. Trabecularisation was well preserved in the fresh ventric-
ular slice; after prolonged culture, a slight compaction could be noted. Thus, structure seems to
be well preserved after slicing. If aiming at long-term culture, culture conditions need to be
further optimised.

We observed an overall negative FFR (Fig 2A). This is in line with other fish species which
show an overall or secondary-phase negative FFR [18] and in contrast with the majority of
mammalian species and preparations [12]. Indeed, a negative FFR is generally considered a fea-
ture of human heart disease, e.g. dilated cardiomyopathy [19]. To our knowledge, a positive
FFR which is commonly seen in adult mammalian myocardium has not yet been reported in
teleost fish hearts [18]. It is therefore assumed that cardiac output is regulated mainly via
changes in stroke volume only rather than heart rate [20].

In adult mammalian cardiomyocytes, intact SR Ca2+ cycling and mechanical reconstitution
are generally considered a requirement for a positive FFR [21]. In our preparation, calculation
of the ratio between changes in resting tension and changes in amplitude (S2 Fig) shows that
incomplete mechanical reconstitution contributes to negativity of the FFR to a small extent.
As, however, EC coupling relies on trans-sarcolemmal Ca2+-influx, frequency-dependent re-
duction of trans-sarcolemmal Ca2+-influx can be an alternative explanation for a negative FFR.
Consistent with this idea, it has been shown that LTCC current decreases at higher frequencies
in zebrafish ventricular cardiomyocytes [13]. Thus, a negative FFR does not necessarily rule
out a significant contribution of SR Ca2+-release to EC coupling.

In order to further characterise the role of several components of EC coupling, we used specif-
ic pharmacological interventions including changes of [Ca2+]ec and the LTCC blocker VER to
modify trans-sarcolemmal Ca2+-flux, Ry to inhibit SR Ca2+-release, ISO to stimulate β-adrenergic
effects on inotropy and lusitropy, and NiCl2 to inhibit NCX. Following this order, we discuss the
effects of pharmacological interventions and putative mechanisms in the following paragraphs.

While it was not suprising that force of contraction was strongly influenced by varying [Ca2
+]ec and by the LTCC inhibitor verapamil, we were surprised by a ~50% reduction of force
both in atrial and ventricular myocardium after application of Ry. This points to an important
role of SR Ca2+-release in zebrafish myocardium. The role of SR Ca2+-release in EC coupling of
teleost fish is controversial as data are highly dependent on species and experimental condi-
tions [22]. Recently, Bovo et al. reported that SR Ca2+-release contributes less than 20% of the
total Ca2+-transient and that RyR expression is at least 72% lower in isolated zebrafish than in
rabbit ventricular cardiomyocytes [4]. Interestingly though, in the same study, a significant
amount of Ca2+ was released from the SR after application of caffeine. A high SR Ca2+-load has
also been found in other teleost species including rainbow trout [23] and seems to be generally
higher in fish than in mammals [22]. In isolated ventricular trabeculae of rainbow trout, SR
Ca2+-release significantly contributes to force development at 22°C to a higher extent than at
12°C [24]. In the present study, we observed a significant decrease of peak force (� 50%) after
application of 1 μMRy. This shows that EC coupling is highly dependent on SR Ca2+-release
under our experimental conditions. This is further supported by the finding that zebrafish ven-
tricular myocardium showed a strong post pause potentiation already after 5–10 seconds. In-
terestingly, inhibition of SR Ca2+-release reduced force of contraction stronger at higher
frequencies. Thus, FFR became more negative with inhibition of SR Ca2+-release. Although
this finding is difficult to interpret given potential frequency-dependent changes in myofila-
ment sensitivity to cytosolic Ca2+-concentrations, and a potential use-dependence of RyR inhi-
bition [25], one might speculate that SR Ca2+-release is increased in order to compensate
frequency-dependent inhibition of LTCC. This would further underline the important role of
SR function in zebrafish ventricular myocardium.
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In our study, and other published work in the zebrafish [26], contraction and relaxation ki-
netics were strongly influenced by varying temperature (S3 Fig). Bearing in mind that Ca2+-cy-
cling and especially SR function strongly depend on temperature in the fish heart [24], we
chose experimental temperature (29°C) close to housing temperatures (27.2°C). Therefore, we
assume that SR Ca

2+

-release contributes to EC coupling in vivo at least under laboratory
housing conditions.

In further support of the existence of an intact SR Ca2+-cycling, we observed a mildly posi-
tive lusitropic effect of the β-adrenergic agonist ISO in addition to a positive inotropic response
(Fig 6B). This could potentially be explained by phosphorylation of phospholamban and subse-
quent disinhibition of the SR Ca2+-ATPase, SERCA [27]. However, NCX phosphorylation due
to β-adrenergic stimulation has also been reported to accelerate relaxation [28] and might be
an alternative explanation. On the contrary, ISO decreases NCX current in the frog ventricle
[29] and could therefore blunt the positive lusitropic effect of SERCA disinhibition. As it is un-
known, whether NCX current is reduced, enhanced, or unchanged by β-adrenergic stimulation
in the zebrafish ventricle, this finding needs to be interpreted with caution.

The importance of NCX for myocardial relaxation, however, has been firmly established for
many species and preparations [12], although zebrafish cardiac NCX has—to our knowledge—
not been functionally studied using the patch-clamp technique. Bovo et al. [4] could show that
Ca2+ decline after caffeine application was slowed down in Na+/Ca2+-free solution which indi-
cates that NCX is an important factor in relaxation of zebrafish ventricular cardiomyocytes. In
the present study, we used NiCl2 which is known to block NCX at higher concentrations, but
also exerts a dose-dependent inhibitory action on Ca2+ channels [30]. Ni2+ reduced force of
contraction in a dose dependent manner and prolonged relaxation at a high concentration (5
mM), but not at lower concentrations. While the dose-dependent reduction of force of contrac-
tion might also underlie additional inhibition of LTCC and T-type calcium currents, prolonga-
tion of relaxation can only be explained by the inhibitory action of Ni2+ on NCX which occurs
at high concentrations (5–10 mM) [30]. In support of this, application of VER which seems to
block not only LTCC, but also T-type calcium channels [31], does not affect relaxation (Fig
3D). We can therefore conclude that the Ni2+-induced deceleration of relaxation is mainly
caused by NCX inhibition, and that NCX significantly contributes to Ca2+-extrusion under our
experimental conditions.

Limitations
In the present study, force data can only be compared between measurements of the same
preparation, but not between different preparations as force was not normalised to the cross-
sectional area of the preparation. However, as fibre orientation in the zebrafish ventricle is not
aligned to a specific axis but non-parallel, a large proportion of fibres will be oriented with an
unknown angle to the axis of the measurement setup. Therefore, we avoided normalisation to
the cross-sectional area as this might give false impression of comparability between measure-
ments in different preparations. As our main aim was to study the role of different force regula-
tory mechanisms but not to give absolute values of generated force, this limitation does not
interfere with the aims of the study.

The main finding of our study is that SR Ca2+-release substantially contributed to force gen-
eration in the zebrafish ventricle, although force-frequency relationship was negative. We are
not able to explain why the force-frequency relationship is negative in the majority of fish spe-
cies. It can, however, be assumed that the influences of external variables on the mechanical en-
vironment in the fish heart is much more complex than in mammalian hearts. For example,
ventricular compliance is influenced by diving depth and temperature as well as the elasticity
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of the bulbus arteriosus and thus, afterload and resonant frequency of the vessel downstream to
the heart. To fully understand these complex mechanical dynamics, a completely different ex-
perimental or numerical approach is required.

Conclusions
In conclusion, we observed that despite the overall-negative FFR, regulation of contractile force
in zebrafish ventricular myocardium strongly depends on extracellular Ca2+, trans-sarcolem-
mal Ca2+ influx, NCX-driven Ca2+ extrusion, and SR Ca2+-release. Thus, although some regu-
latory mechanisms of force development seem to be similar between zebrafish and mammals,
including SR Ca2+-release, one of the most important regulatory principles of contractile force
—the relationship between force and frequency—is contrary between the mammalian and the
zebrafish heart. Beyond a per se interest in fish cardiac physiology, these aspects need to be con-
sidered when using zebrafish to model human diseases of myocardial contractility.

Supporting Information
S1 Fig. Characterisation of zebrafish ventricular myocardial slices after prolonged culture
and cultured under hypoxic conditions.HE staining of cryosections (8 μm) obtained from a
myocardial tissue slice at day 4 (A) and cultured under hypoxic conditions (1% O2 for 2 days)
(D). Cyrosections stained against sarcomeric-α-actinin (green) at day 4 (B-C) or cultured
under hypoxic conditions (E-F). Nuclei are counterstained with Hoechst (blue).
(TIF)

S2 Fig. Contribution of resting tension changes to negative FFR. Box plots of the ratio of
change in resting tension and change in amplitude after frequency switches. If frequency was
reduced from 2 Hz to 1 Hz, a decrease in resting tension contributed to 16± 5% of amplitude
increase, if increased from 1 Hz to 3 Hz, an increase in resting tension contributed to amplitude
change by 6 ± 1%, and if decreased from 3 Hz to 2 Hz, resting tension contributed to 17 ± 4%.
(TIF)

S3 Fig. Effects of temperature. (A) Force of contraction increased with elevated temperature.
Force of contraction was normalized to values at 29°C. Results are expressed as mean ± SEM
(B) Original averaged twitches of a representative experiment showing the influence of investi-
gated temperatures on twitch amplitude as well as contraction and relaxation kinetics. (C)
Maximal contraction (dF/dtmax) and relaxation (dF/dtmin) velocities normalized to amplitude
increased with temperature. (D) Relaxation of the myocardial slices was also accelerated at ele-
vated temperatures. All data are expressed as mean ± SEM; asterisks indicate statistical signifi-
cant differences (p< 0.05 vs. values at 29°C).
(TIF)
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