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Abstract

Aim: Bradyarrhythmias result from inhibition of automaticity, prolonged re-
polarization, or slow conduction in the heart. The ERG channels mediate the
repolarizing current Iy, in the cardiac action potential, whereas T-type calcium
channels (TTCC) are involved in the sinoatrial pacemaker and atrioventricular
conduction in mammals. Zebrafish have become a valuable research model for
human cardiac electrophysiology and disease. Here, we investigate the contribu-
tion of ERG channels and TTCCs to the pacemaker and atrioventricular conduc-
tion in zebrafish larvae and determine the mechanisms causing atrioventricular
block.

Methods: Zebrafish larvae expressing ratiometric fluorescent Ca** biosensors in
the heart were used to measure Ca*" levels and rhythm in beating hearts in vivo,
concurrently with contraction and hemodynamics. The atrioventricular delay
(the time between the start of atrial and ventricular Ca*" transients) was used to
measure impulse conduction velocity and distinguished between slow conduc-
tion and prolonged refractoriness as the cause of the conduction block.

Results: ERG blockers caused bradycardia and atrioventricular block by prolong-
ing the refractory period in the atrioventricular canal and in working ventricular
myocytes. In contrast, inhibition of TTCCs caused bradycardia and second-degree
block (Mobitz type I) by slowing atrioventricular conduction. TTCC block did not
affect ventricular contractility, despite being highly expressed in cardiomyocytes.
Concomitant measurement of Ca®* levels and ventricular size showed mechano-
mechanical coupling: increased preload resulted in a stronger heart contraction
in vivo.

Conclusion: ERG channels and TTCCs influence the heart rate and atrioven-

tricular conduction in zebrafish larvae. The zebrafish lines expressing Ca®*
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1 | INTRODUCTION

In humans, malfunction of the pacemaker, the sinoatrial
node (SAN), gives rise to inappropriate heart rate (HR),
whereas alterations of atrioventricular (AV) conduction
result in various types of AV block, resulting in brady-
arrhythmia. In recent years, zebrafish has become an
attractive vertebrate model to study heart development,
regeneration, and heart disease,' and as much as 71% of
human genes have one or more orthologs in zebrafish.

The zebrafish heart is composed of only two cham-
bers, atrium and ventricle, but its electrophysiology in
larvae and adults has many similarities with the human
heart.*® The electrical excitation in zebrafish starts at
the sinoatrial (SA) ring, a ring-like structure with pace-
maker activity, spreads through the atrium and reaches
the AV canal, which delays electrical conduction to
allow the ventricle to fill with blood prior to contraction.
As in humans, the ventricular action potential (AP) in
zebrafish has a plateau phase (phase 2) due to Ca*" in-
flux through L-type voltage-dependent Ca** channels
(LTCCs). In addition, the HR (110-130 beats per min-
ute in adult fish), the AP duration (APD), and the ECG,
including the QT interval, are also alike.”'® However,
differences in ion channel composition and in exci-
tation-contraction coupling have also been found.>'"2
Thus, T-type Ca®* channels (TTCCs) are much more
abundant in the zebrafish heart than in the adult mam-
malian heart and may contribute to excitation-contrac-
tion coupling.

The “rapid” delayed rectifier potassium current (Ig,)
is the main repolarizing current in the human heart.
The channel underlying Iy, (X,11.1) is encoded by the
human ether-a-go-go-related gene (hERG or KCNH2).
Mutations in this gene or drugs that block hERG prolong
the APD and cause long QT syndrome. In the zebrafish
heart, Iy, is determined predominantly by kcnh6a (zerg or
K,11.2).>""'* Although the current is produced by a dif-
ferent ERG isoform, the zebrafish heart is sensitive to I,
blockers which prolong the QT interval because the chan-
nel pore and drug-binding regions are nearly identical.'*"
The zebrafish mutant breakdance, which holds a mutation
in kcnhéa, is characterized by a 2:1 AV block due to pro-
longed refractoriness.'>!®

biosensors in the heart allow us to investigate physiological feedback mecha-
nisms and complex arrhythmias.

atrioventricular block, calcium, ERG potassium channel, heart, T-type calcium channel,

Mechanisms other than APD prolongation such as slow
conduction velocity may lead to AV blocks. In mammals,
Ca,3.1 (T-type) and Ca,1.3 channels are involved in auto-
maticity of the SAN and conduction in the AV node,!”"%°
and alterations of these channels have been associated
with congenital bradycardia and heart block disease in
humans.”** In zebrafish larvae, Ca,3.1 (cacnalg) tran-
scripts encoding TTCCs are enriched in the SA ring and
AV canal,”** although their functional relevance is yet
unknown. TTCCs are also highly expressed in zebrafish
atrial and ventricular myocytes,>®* in contrast with the
adult human heart, in which LTCCs (Ca,1.2 «-subunit)
represent 96%-98% of the transcripts,® although Ca,3.1
channel protein has recently been detected in working
cardiomyocytes from mice.?

As in mammals, Ca>" is central in excitation—contrac-
tion coupling and largely determines force generation.?’
We have recently imaged Ca** and contraction simulta-
neously in beating hearts of zebrafish expressing ratio-
metric gene-encoded Ca®* biosensors,”®*’ preserving the
mechano-electric and mechano-mechanical coupling®
and normal heart development. In the present study, we
show the involvement of TTCCs in the conduction sys-
tem of zebrafish larvae and characterize AV conduction
defects induced by block of TTCCs and ERG channels. We
measured the delay between atrial and ventricular Ca**
transients to estimate the conduction velocity to distin-
guish the mechanism of the AV block and determine its
functional repercussion.

2 | RESULTS

2.1 | Changes in heart rhythm, Ca®*
levels, and contraction induced by blocking
ERG channel with dofetilide

In mammals, the class III anti-arrhythmic drug dofeti-
lide prolongs the APD, blocking the rapid component of
the delayed rectifier K* current I’ with no effect on
the other repolarizing currents (Ig,, Ix;). In zebrafish
cardiomyocytes, dofetilide was shown to prolong the
APDs, by 70ms.> We tested the effects of dofetilide
on the heart rhythm, Ca** levels, and contractility in
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3- and 5-days post-fertilization (dpf) zebrafish larvae
expressing the ratiometric Ca** biosensor Twitch-4
in the heart. Although the K; of dofetilide for hERG
(K,11.1) channels is 6.4nM, larvae incubated with 1 or
10 uM dofetilide for up to 2h did not show a significant
change in HR or rhythm (Table S1). Incubation of 3 dpf
Tg(myl7:Twitch-4) larvae with 100 pM dofetilide caused
bradycardia and, after 1.5h, a 2:1 arrhythmia (one ven-
tricular contraction every two atrial beats) (Figure 1A,B,
Table 1, Movie S1 and S2). This drug concentration is
much higher than that used in cell systems since the
embryonic skin and the agarose layer pose a diffusion
barrier to drugs.'” Ca®* levels decreased in the ventri-
cle and increased in the atrium after the appearance of
the 2:1 arrhythmia (Figure 1B) and the ventricular and
atrial Ca*" transient (CaT) amplitude increased. There
was no effect of the solvent DMSO (1%), except for the
HR, which increased slightly with time (Table S2). At
5dpf, all larvae displayed 2:1 arrhythmia after addition
of dofetilide (100 pM, 1h) (Figure S1IA-D, Movie S3 and
S4), and 4 out of 9 larvae showed ventricular arrest after
2h, suggesting a complete block of AV conduction or
ventricular inexcitability (Figure S1E).

Interestingly, the time between the start of atrial and
ventricular CaTs (hereafter referred to as the AV delay) de-
creased from 77 +7 to 52+9ms (n=9, p<0.0001) in 3dpf
larvae with 2:1 arrhythmia (Figure 1C, Table 1). It also
decreased at 5dpf (Figure S1C). This delay informs about
AV conduction velocity, and we propose that it is analo-
gous to the PR interval of the ECG but reports the delay
between atrial and ventricular CaT rather than electrical
activation. Thus, AV conduction velocity increased during
2:1 arrhythmia induced by dofetilide. It can be classed as
a second-degree AV block type 2:1 since the AV delay was
regular.

The effects of dofetilide were reversible. After
17-24min incubation with 100puM dofetilide (3dpf lar-
vae not embedded in agarose), atrial bradycardia (85% of
basal HR) was observed, and 2:1 block was visible in 93%
of larvae (Figure S2A). Note that the effect of the drug
was fivefold faster in E3 medium than in larvae embedded
in agarose (Figure 1). After 60 min washout of the drug,
71% of larvae recovered the normal 1:1 atrial to ventricu-
lar beat ratio, and the atrial HR was 95% of the basal rate.
After 80 min washout, all larvae had normal ventricular
contraction and HR (Figure S2A).

We further investigated the effect of dofetilide on
AV conduction in 3dpf larvae pretreated with the my-
osin inhibitor para-aminoblebbistatin to stop the heart
(Figure 1E), which allowed us to measure Ca®* in small
areas of the heart. In larvae showing a 2:1 arrhythmia,
dofetilide caused a widening of the CaT at the level
of the AV canal and in the ventricle, likely caused by
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prolongation of the APD in these areas (Movie S5 and
S6).

In humans, second-degree AV blocks pose a clinical
problem when inadequate ventricular rate fails to meet
the physiological needs. We estimated the contractil-
ity and hemodynamic outcome of the 2:1 block induced
by dofetilide. Since there were two atrial beats for each
ventricular beat, the fractional area change (FAC) and
stroke volume (SV) increased by 22% and 31%, respec-
tively (Figure 1D). However, due to the low HR, the car-
diac output (CO) decreased. Similar results were found
at 5dpf (Figure S1D). Therefore, blocking zerg channels
with dofetilide impaired automatism and AV conduction
in zebrafish larvae, causing bradycardia, a second-degree
AV block, and ventricular arrest. In humans, bradycardia,
AV block, or bundle branch block are common adverse ef-
fects of dofetilide.

2.2 | Prolongation of the refractory period
by dofetilide and altered ventricular filling

To further study the consequences of the 2:1 arrhythmia
on ventricular filling, we correlated the changes in ven-
tricular diameter with Ca*" levels in real time (Figure 2).
Six out of nine larvae displaying 2:1 arrhythmia showed
biphasic ventricular filling: both the blocked and the con-
ducted atrial beats filled the ventricle (Figure 2A, blue
line). In the remaining larvae (Figure 2B), the blocked
atrial beat did not cause much ventricular filling as the
ventricle remained contracted (orange-dashed line),
but the following atrial beat did (red-dashed line). The
diameter versus ventricular Ca®* plots shows two fill-
ings (Figure 2A, right panel) or one predominant filling
(Figure 2B, right panel) for each ventricular systole. The
ventricular Ca** plateau (measured as the time between
the 90% rise and 10% decay of the CaT) was longer in
larvae with no filling during the AV block than in those
displaying biphasic ventricular filling (Figure 2B vs 2A)
(150+16 vs 119 + 11 ms, respectively, p=0.026), which ex-
plains the prolonged ventricular contraction in the former
group.

Figure 2C shows a 2:1 AV block which began in the
course of image acquisition: during the first dropped
ventricular beat, there was partial filling of the ventricle
by atrial contraction (orange-dashed line). In successive
beats, the ventricular CaT showed a plateau and, pro-
gressively, the ventricle remained more contracted (blue
arrows). This result suggests a gradual prolongation of
the ventricular APD and refractory period by the I,
blocker in the ventricular myocardium. Unlike the obser-
vations at 3dpf, in all 5dpf larvae the blocked atrial beat
(orange-dashed line) almost filled the ventricle (increased
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FIGURE 1 Effect of dofetilide on cardiac Ca®" levels and ventricular contractility of 3 dpf zebrafish larvae. Dofetilide (100 pM) was
added to Tg(myl7:Twitch-4) larvae at 3dpf (N=3, n=9) after recording basal Ca®" levels. (A) Emission ratio images of a representative

larva before (basal) and after 1.5h incubation with dofetilide. The calibration squares show the distance in pm (top side), the emission ratio
coded in the hue (right side), and the fluorescence intensity (bottom side). The traces show the atrial (red) and ventricular (gray) Ca** levels
(emission ratio). (B) Effect of dofetilide on heart rate, systolic and diastolic Ca** levels, and Ca*" transient amplitude in the atrium (red)
and ventricle (gray). (C) Effect of dofetilide on the AV delay (time between the start of atrial and ventricular Ca®* transients). (D) Effect of
dofetilide on ventricular areas, fractional area change, stroke volume, and cardiac output. (E) Effect of dofetilide on AV conduction in a 3
dpf zebrafish larva whose heart was stopped by incubation with the myosin inhibitor para-aminoblebbistatin (75 puM for 2h) (representative
experiment). ROIs were drawn as indicated to investigate the progression of the Ca** wave from the atrium (At), across the AV canal
(AVC), and into the ventricle (Vt). The traces show the time course of the Ca®" transients in each ROI. Data in B, C, and D are shown as

the mean + SD. Statistical analysis was performed using a one-way ANOVA test with Dunnett's multiple comparisons post-test (*p <0.05,
1p<0.01, £p<0.001).
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TABLE 1 Effect of dofetilide on HR, cardiac Ca** levels, and ventricular contractility of 3 dpf zebrafish larvae.

Cardiac
Parameter chamber n  Basal
Heart rate (bpm) Atrium 9 240.7+12.6
Ventricle 9 240.7x12.7
Systolic Ca*" (ratio) Atrium 9  1.57+0.04
Ventricle 9 1.51+0.07
Diastolic Ca*" (ratio) Atrium 9  1.47+0.05
Ventricle 9 1.42+0.06
CaT amplitude (ratio) Atrium 9 0.10+0.02
Ventricle 9  0.09+0.02
AV delay (s) - 9  0.077+0.008
End-diastolic area (um?) Ventricle 9 14200+1751
End-systolic area (um?) Ventricle 9  8134+1003
Fractional area change Ventricle 9 0.43+0.03
Stroke volume (pL/beat) Ventricle 9 612.8+119.5
Cardiac output (nL/min) Ventricle 9 147.5+283

ACTA PHYSIOLOGICA Bk

0.5h 1h 1.5h 2h
239.949.6' 232.4+9.2F 218.8+9.9¢ 210.0+8.6%
239.949.5" 232.1+9.0° 109.4 +5.0° 105.3+4.3°
1.55+0.05 1.55+0.05 1.62+0.07* 1.63+0.09
1.48+0.06" 1.46+0.07* 1.42+0.07 1.38+0.06
1.45+0.05 1.44+0.05 1.48+0.07 1.47+0.07
1.394+0.05* 1.38+0.05° 1.27+0.05* 1.25+0.04"
0.10+0.03 0.11+0.02 0.14+0.03" 0.15+0.04*
0.085+0.02*  0.08+0.02 0.15+0.02° 0.13+0.02°
0.082+0.014  0.073+0.013 0.060+0.007" 0.053+0.009
14308+1958  14464+1838  15357+17517  15315+2158*
8293 +1091 8163 +990 7369 + 814* 7454 +1112°
0.42+0.03 0.44+0.03 0.52+0.04° 0.51+0.03°
608.6+125.0  626.0+125.4 802.2+155.7°  794.4+149.2"
146.4 +31.4 145.3+28.9 87.5+15.4° 83.5+14.9°

Note: Data are shown as the mean + SD. Statistical analysis was done as indicated in Figure 1. Tg(myl7:Twitch-4) larvae were treated with 100 pM dofetilide for

2h with imaging recording every 30 min.
*p<0.05.

p<0.01.

*p<0.001.

diameter) (Figure 2D), suggesting that the ventricle was
out of its refractory period and the block was at the AV
canal.

2.3 | Changes of Ca’* levels and
contraction during arrhythmia induced by
drugs with ERG channel blocking activity
as an adverse effect

We also examined the arrhythmogenic effects of three
other drugs known to block Ig,, the antihistamines ter-
fenadine and astemizole, which were withdrawn from
the market because of causing severe arrhythmic events,
and the psychotropic drug haloperidol. Terfenadine is
a potent hERG blocker, which induces prolongation
of the QT interval of the ECG and AV block.* It has
been shown to cause bradycardia and arrhythmia in ze-
brafish.'® Alday et al* found that terfenadine prolonged
the APD,, in 2dpf zebrafish embryos, indicating the
role of Iy, in phase 3 of the AP. In addition, in paced
embryonic ventricles, terfenadine prolonged the APD
such that only every other stimulus was able to elicit an
AP (2:1 block).® It has been reported that the treatment
of 3dpf zebrafish larvae with 10pM terfenadine for
24h reproduced some features of heart failure.’** We
investigated the effects of terfenadine (20 pM for 24 h)
on heart rhythm, Ca’* levels, and contractility in 3 dpf

larvae. One group of larvae (10 out of 28) showed brad-
ycardia and decreased ventricular Ca** levels at 4 dpf
(Figure S3A,B, Movie S7 and S8). In the remaining lar-
vae, in addition to atrial bradycardia, a 2:1 arrhythmia
appeared, with a marked increase of the ventricular CaT
amplitude with reduced diastolic Ca’* (Figure S3A,B,
Movie S9), in keeping with the low ventricular HR."

Concerning the effect of terfenadine on ventricular con-
traction, in larvae showing bradycardia the end-diastolic
and end-systolic areas increased, but CaT amplitude and
the FAC were not affected (Figure S3B,C). Likewise, the
SV and CO did not change. In contrast, larvae showing 2:1
arrhythmia, with a low ventricular HR of about 84 + 8 bpm
(n=18) and increased CaT amplitude (Figure S3B), dis-
played enhanced FAC and SV (Figure S3C), but the CO
decreased. Similar effects of terfenadine regarding HR, AV
decoupling, and blood flow have been reported in 4 dpf
zebrafish. "%

To test the Iy, blockers astemizole and haloperidol and
to rule out indicator-dependent effects, we used two other
transgenic zebrafish lines raised in our laboratory with the
cardiac Ca®* biosensors Twitch-1 (higher Ca** affinity than
Twitch-4)*” and mCyRFP1-GCaMP6f (with calmodulin
as the Ca** binding domain),?® respectively. Incubation
of Tg(myl7:Twitch-1) larvae with astemizole for 45min
(50 uM) caused atrial bradycardia and 2:1 arrhythmia. It
also decreased Ca®* levels and increased CaT amplitude
in the ventricle (Table S3). In contrast, the FAC and SV

85UB017 SUOLIIOD BAE8ID 3(gedljdde 8y Ag peussnob afe sejole VO ‘88N J0 s8N 1oy Afiq1T8UlUQ 48] I/ UO (SUOTPUD-PUE-SLLBY WO AS | 1M AlR1q | U [UO//SANY) SUORIPUOD PUe swis 1 8y} 89S *[Z0z/TT/2z] Uo ARiqiauljuo Aa|im ‘soueld aueiyooD Aq 20pT eyde/TTTT OT/I0p/WO0d A8 | im Aeiqipul|uoy/sdny wouy papeojumod ‘Z ‘¥20 ‘9T.T8r.T



SALGADO-ALMARIO ET AL.

hbaBE A -TA PHYSIOLOGICA

3 dpf
— Atrial Ca?®* — Ventricular Ca?* — Ventricular diameter Diameter vs. Ca
(A)
— 100 < 120
2 g
® Es
c 120 5 140
Re] o
g 1o g 160 s
€ ] —
o 160 3 g /
& & =180
3 180 5 &
- (0]
3 § 1.28 1.32 1.36 1.40
©
(B) 3
5 5 3
2 S 2120 /
pa . c
Q (]
c c >
e 8 140
2 Q
5 ]
N a3 160
r\(:“ @
O =
-
3 124 1.28 1.32
Ventricular Ca?* (Ratio)
©) -
ke )
E 80 g_
c [}
2 100 5
wn -
£ a
o 120 g
4 o}
3 140 &
-
3
Diameter vs. Ca?*
® 120 < 120
2 = 32
© 140 5 g 140
c c -
2 z ¢
2 160 o s 160
IS g ©
:w, 180 3 & 180 o
8 T2 200
© = Z
2 2 14 15 16 1.7

Ventricular Ca?* (Ratio)

FIGURE 2 Alterations in ventricular filling during dofetilide-induced AV block in 3 (A-C) and 5 (D) dpf Tg(myl7:Twitch-4) zebrafish
larvae. The traces show the atrial (red) and ventricular (gray) Ca** levels, and the major ventricular diameter (blue). The dashed lines

indicate the start of the atrial CaT that was not conducted to the ventricle (orange), and the start of the next, conducted, atrial CaT (red). In

some larvae (A), both blocked and conducted atrial contractions filled the ventricle with blood, whereas in others the first (B) or the second

(D) atrial contraction hardly modified the ventricular diameter. Blue arrows in C indicate the level of ventricular filling at the end of the first

atrial beat. The diagrams (diameter vs Ca*") show the ventricular diameter versus ventricular Ca** level (one cardiac cycle) of representative

larvae. The distance between arrowheads in these loops represents 20 ms, showing the direction of time and the relative speed of each phase.
The black arrows show the two-step increase in ventricular diameter during ventricular filling.

did not change, but the bradycardia caused a decline in
CO. Finally, haloperidol in 3dpf Tg(myl7:mCyRFPI-
GCaMPef)larvae showed effects like the other I, blockers.
Incubation of larvae with 100 uM haloperidol for 45min
caused atrial bradycardia and, in 57% of treated larvae,
a 2:1 arrhythmia (Table S3). Ventricular CaT amplitude

increased, the FAC and SV rose, whereas the AV delay and
CO were reduced.

In conclusion, blocking of ERG channels with various
drugs decreased automaticity and caused second-degree
AV block by prolonging the APD at the level of the AV
canal and, in some larvae, in the ventricle.
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2.4 | The T-type Ca’' channel blocker
ML218 induced bradycardia and
second-degree AV block in zebrafish larvae
by slowing AV conduction

TTCCs are involved in the SAN pacemaker and AV con-
duction in mammals and are also expressed in working
cardiomyocytes in newborn mice and in diseased human

ACTA PHYSIOLOGICA Aa

heart.>'7?> We studied the functional role of TTCCs in
zebrafish heart. We incubated 3 dpf Tg(myl7:Twitch-4)
larvae with the TTCC antagonist ML218 at 0.01, 0.1, 0.3,
and 1mM to test its effects on automaticity, AV conduc-
tion, and Ca®* levels in atrium and ventricle. No effects
were observed at 0.01 and 0.1mM ML218 (Table S4).
Incubation of larvae with 0.3mM ML218 for 1h induced
bradycardia (Figure 3A, Table 2, Movie S10 and S11) and
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FIGURE 3 Effect of the T-type Ca** channel antagonist ML218 (0.3 and 1 mM) on cardiac Ca** levels and ventricular contractility of
3dpf zebrafish larvae. Tg(myl7:Twitch-4) larvae at 3 dpf were treated with 0.3mM (N=3, n=11) or 1 mM (N=3, n=12) ML218 for 1 h. Heart
rate, systolic and diastolic Ca”" levels, and Ca®" transient amplitude in the atrium (red) and ventricle (gray) of larvae treated with 0.3 (A) or
1mM (B) ML218. The traces in A and B show the atrial (red) and ventricular (gray) Ca** levels (emission ratio). AV delay (C), ventricular
areas, fractional area change, stroke volume, and cardiac output (D) of larvae treated with 0.3 (black) or 1 mM (blue) ML218. Data are shown

as the mean + SD. Statistical analysis in A and B was performed using a paired Student's ¢ test, as well as in C and D for 0.3 mM ML218.
Differences in C and D for 1 mM ML218 were analyzed using a Wilcoxon test (*p <0.05, 1p <0.01, ip <0.001).
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TABLE 2 Effect of the T-type Ca®* channel antagonist ML218 (0.3 and 1 mM) on HR, cardiac Ca** levels, and ventricular contractility of

After
Cardiac chamber Basal treatment
Atrium 216.5+17.8 185.2+17.8
Ventricle 216.5+17.9 185.3+25.3%
Atrium 220.9+14.1 168.7 +20.9*
Ventricle 220.8+14.2 84.4+10.5%
Atrium 1.67+0.10 1.64+0.12*
Ventricle 1.55+0.11 1.49+0.11*
Atrium 1.58 +0.06 1.57+0.06
Ventricle 1.47+0.04 1.36+0.05"
Atrium 1.52+0.07 1.50+£0.09*
Ventricle 1.44+0.10 1.37+0.10
Atrium 1.47+0.05 1.45+0.05*
Ventricle 1.38+0.03 1.21+0.04%
Atrium 0.143+0.034 0.133+0.037
Ventricle 0.109 +£0.016 0.112+0.023
Atrium 0.113+0.021 0.122+0.018*
Ventricle 0.094+0.008 0.153+0.011*
- 0.087+0.014 0.127+0.020*
- 0.093+0.020 0.113+0.035*
Ventricle 12700+ 2407 12938 +2319
Ventricle 14083 +1151 15288 +1330°
Ventricle 6753 +1330 6635+1286
Ventricle 7544 +1161 6631+1149°
Ventricle 0.47+0.04 0.49+0.06
Ventricle 0.47 +0.05 0.58+0.05*
Ventricle 572.1+154.1 595.3+179.5
Ventricle 662.4+62.3 891.1+109.3
Ventricle 125.6 +40.6 109.3+33.7
Ventricle 146.2+16.8 75.2+12.6°

Note: Data are shown as the mean + SD. Statistical analysis was done as indicated in Figure 3. Tg(myl7:Twitch-4) larvae at 3 dpf were treated with 0.3 or 1 mM

3 dpf zebrafish larvae.
ML218 concentration
Parameter (mM) n
Heart rate (bpm) 0.3 11
1 12
Systolic Ca** (ratio) 0.3 11
1 12
Diastolic Ca®" (ratio) 0.3 11
1 12
CaT amplitude (ratio) 0.3 11
1 12
AV delay (s) 0.3 11
1 12
End-diastolic area (pmz) 0.3 11
1 12
End-systolic area (um?) 0.3 11
1 12
Fractional area change 0.3 11
1 12
Stroke volume (pL/beat) 0.3 11
1 12
Cardiac output (nL/min) 0.3 11
1 12
ML218 for 1h.
*p<0.05.
p<0.01.
5 <0.001.

decreased systolic and diastolic Ca®" levels, but CaT am-
plitude did not change. These larvae with low HR dis-
played slow AV conduction, since the AV delay increased
from 87+ 14 to 127 +20ms (n=11, p<0.0001) (Figure 3C,
Table 2). There was no significant change in the FAC, SV,
and CO (Figure 3D).

The rise time of the CaT in the ventricle increased by in-
cubation with 0.3 mM ML218 for 1h (81 +8 vs 95+ 16ms,
p=0.002, before vs after ML218); the atrial rise time was
not significantly different (56 +5 vs 59+ 5ms, p=0.092,
before vs after ML218). This suggests that TTCCs, with
a low-voltage threshold for activation of about —70mV,

contribute to a fast-rising CaT earlier than the LTCCs
(—40mV threshold).

Interestingly, in 7 out of 30 larvae with marked brady-
cardia, a ventricular CaT and beat were missing every three,
four, or more atrial CaT (Figure 4A,B, Movie S12). In these
larvae, there was a progressive prolongation of the AV delay
from 150 to 300ms (Figure 4C); at that point one atrial
impulse was not conducted to the ventricle. This is rem-
iniscent of a second-degree AV block of the Mobitz type I
(Wenckebach) in humans, in which there is a progressive
PR interval prolongation before a “dropped beat” occurs. In
larvae with dropped beats, the first AV delay after the block
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FIGURE 4 Second-degree AV block of Mobitz type I in a representative 3 dpf zebrafish larva induced by the T-type Ca*" channel
antagonist ML218 (0.3 mM). (A) Emission ratio images before (basal) and after treatment with 0.3 mM ML218 for 1 h. The calibration
squares are as described in Figure 1. (B) Atrial (red) and ventricular (gray) Ca*" levels (emission ratio) before and after treatment with

ML218. The red- and gray-dashed lines indicate the start of atrial and ventricular Ca** transients, respectively. (C) AV delay before and after

treatment with ML218. (D) Time course of ventricular diameter before and after treatment with ML218. In this experiment, images were

acquired at 100 frames/s.

was shorter than the delay of the last conducted impulse
before the block, which is a distinguishing feature of the
Wenckebach phenomenon in humans. During the dropped
ventricular beat, two atrial beats contributed to ventricular
filling, causing a larger end-diastolic diameter (and volume)
(Figure 4D). The subsequent ventricular contraction was
stronger, likely because of mechano-mechanical coupling
(the Frank-Starling mechanism), so that the previous end-
systolic diameter was immediately reached. Note that the
ventricular CaT amplitude did not increase after the dropped
beat (Figure 4B). Mobitz type 1 AV blocks were observed at a
higher frequency in 5dpf larvae treated with 0.3 mM ML218.

Upon incubation of 3 dpf larvae with 1 mM ML218 for
1h, atrial bradycardia and 2:1 arrhythmia were observed,
with an increased amplitude of the CaT, particularly in
the ventricle (Figure 3B, Table 2, Movie S13 and S14).
The effect of ML218 (1mM) on cardiac contractility and
hemodynamics in 3dpf larvae was like that observed in
the 2:1 AV block induced by dofetilide: increased FAC and
SV but decreased CO (Figure 3D), and ventricular filling
was biphasic. However, in contrast with the I, blockers

(Figure 1C, Table S3), in ML218 treated larvae with 2:1
arrhythmia, the AV delay increased (Figure 3C, Table 2)
indicating that blocking TTCCs slows AV conduction
velocity. Taken together, these results demonstrate that
TTCCs are involved in the SA ring pacemaker activity and
in AV conduction in the zebrafish larva heart.

Figure S2B shows that the effects of ML218 were re-
versible. When larvae at 3dpf were incubated with 1 mM
ML218 in E3 medium (not embedded in agarose), atrial
bradycardia and 2:1 block were visible after 20 min. After
90min washout of the drug, 70% of larvae recovered the
normal 1:1 atrial to ventricular beat ratio. Atrial HR re-
covered slowly after washout of ML218, compared to a
stable HR in untreated and DMSO-treated larvae over 24 h
(Figure S2C).

3 | DISCUSSION

The zebrafish orthologs of hERG and TTCC that are the
focus of this study may exhibit pharmacological sensitivity
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that differs from mammals. The important residues for
hERG blocking have been identified by Ala scanning mu-
tagenesis. Tyr652 and Phe656 on the S6 helix, unique to
ERG K" channels, are key for drug binding, whereas pore
helix residues Thr623 and Ser624 are also important for
binding of many compounds.® Indeed, the drug-binding
region of hERG is conserved in zerg, with only one amino
acid difference (Pro635 in zerg is a Ser in human/mouse
ERG).!*" This explains that most drugs which prolong
the QT interval in humans show 2:1 AV block when tested
in zebrafish.

In the zebrafish model, the drug concentration is dif-
ficult to control and know at the cellular level. We used
high drug concentrations and long incubation times com-
pared to studies in isolated cardiomyocytes because the
skin of zebrafish hampers drug diffusion. In earlier stud-
ies in embryos, QT-prolonging drugs showed time- and
dose-dependent effects on HR and rhythm."® For various
drugs, increasing concentration resulted in bradycardia,
then 2:1 AV block and, at the highest concentration, ir-
regular arrhythmia and higher degree AV blocks. Further,
low drug concentrations often required 24-h incubation
for the arrhythmias to occur, suggesting that these drugs
accumulate slowly in the heart. Our results agree with
these observations. Moreover, we found that the agarose
embedding needed to immobilize larvae during imaging
further hindered drug diffusion, since incubation of larvae
without agarose shortened about five fold the time needed
to see 2:1 AV block by 100 uM dofetilide (compare Figure 1
with Figure S2).

3.1 | ERG channels contribute
to pacemaker automaticity and
AV conduction

The I, blockers used here (dofetilide, terfenadine, astemi-
zole, and haloperidol) are known to cause QT interval
prolongation and increased risk of torsades de pointes in
humans.'* Herein, we observed that the Iy, blockers in-
duced bradycardia, 2:1 AV block, decrease in ventricular
Ca** levels (particularly diastolic Ca*"), and, in larvae with
2:1 arrhythmia, increase in CaT amplitude, raised FAC and
SV, but reduced CO due to the slow ventricular HR.

I, is the major outward current responsible for repo-
larization in adult and embryonic zebrafish cardiomyo-
cytes,** as occurs in humans. Regarding the mechanism
of the bradycardia observed in our results, the ERG K*
channel blocker E-4031 was found to prolong the APDy,
in atrial and ventricular tissue of spontaneously beating
hearts from adult zebrafish.* In 3 dpf zebrafish larvae ex-
pressing an optogenetic voltage biosensor in the heart, E-
4031 also prolonged the APD and reduced AP frequency,*

confirming earlier reports that QT-prolonging drugs cause
bradycardia in zebrafish larvae.'>* In rabbit SAN cells
under current clamp, dofetilide reduced the firing rate
and the slope of the pacemaker potential.*! Interestingly,
zerg is expressed in the sinoatrial ring in zebrafish.** Our
findings on bradycardia induced by Iy, blockers agree
with these reports and suggest that the zerg channel con-
tributes to pacemaking in the sinoatrial ring in zebrafish
larvae. It is possible that Iy, blockers decreased the HR by
acting on other currents, like I, in addition to blocking
zerg. Nonetheless, it is unlikely that all the structurally
unrelated drugs used in this study block the I current, in
addition to Ig,.

The zebrafish mutant breakdance, which holds a mu-
tation in kcnhéa, is characterized by a 2:1 AV block.>'
In isolated paced hearts from breakdance larvae, voltage
mapping revealed that the ventricular AP was so pro-
longed that every second atrial AP intruded on the refrac-
tory period of the previous ventricular beat.'® A 2:1 block
was also found in 3dpf larvae incubated with various QT-
prolonging drugs' and in paced wild-type embryo ventri-
cles treated with terfenadine. In our results, we identified
the AV canal as the site of the block in dofetilide-treated
larvae, since it showed CaT with a very prolonged plateau
phase (Figure 1E). In addition to the conduction tissue,
zebrafish ventricular cardiomyocytes also express ERG
channels.*** Indeed, we found that the blocked atrial
beat caused little or no ventricular filling in some 3 dpf
larvae and that the ventricular CaT plateau was wider:
the ventricle remained contracted suggesting a prolonged
APD in these cells (Figure 2B).

3.2 | Role of TTCCs on SA
automaticity and AV conduction

In the adult mammalian heart, I, current carried by
Ca,3.1 channels plays a functional role in SAN automa-
ticity together with Iy and I, , as well as in the AV node
and Purkinje network.'”2**? In a recent report, inhibition
of I, r with Ni** decreased the HR in isolated hearts of
adult zebrafish.*! In the present work, the selective TTCC
blocker ML218 caused bradycardia (Figure 3B). Our re-
sults agree with the previous observations and provide ev-
idence of the contribution of TTCCs to the SA pacemaker
automaticity in zebrafish larvae.

Ca,3.1 knockout mice, which lack I, r in both the
SAN and AV node cells, displayed a prolonged PR interval,
demonstrating the involvement of TTCCs in AV conduc-
tion.!”?° Since the AV node also possesses automaticity,
inactivation of Ca,3.1 channels in mice was found to slow
AV node pacemaking and to produce an erratic HR." In
zebrafish larvae, transcripts encoding for TTCCs (cacnalg)
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are enriched in the SA ring and AV canal.?*** Here, alter-
ations in the AV conduction with dose-dependent severity
were induced by blocking TTCCs in 3 dpf larvae: second-
degree AV blocks of Mobitz type 1, and 2:1 AV block
(Figures 3 and 4).

We propose that the AV delay measured in the Ca**
traces (the time between the start of atrial and ventricu-
lar CaT) is equivalent to the PR interval of the ECG. This
delay in control larvae was 85+15ms (n=57), similar to
the delay measured with a potentiometric dye in isolated
zebrafish hearts at 14 dpf (about 110ms).** The AV delay
was critical to distinguish between the mechanisms result-
ing in 2:1 arrhythmia by blocking Iy, and I¢, . With the
I, blockers, the AV delay during the 2:1 arrhythmia was
reduced (Figure 1C, Table 1 and Table S3), whereas the
TTCC blocker increased it (Figure 3C, Table 2), in keep-
ing with a prolonged PR interval seen in Ca,3.1 knockout
mice.'”*® In both cases, the CaT at the AV canal was ex-
tended during the blocked atrial beat, indicating that the
atrial AP found a refractory AV canal. In conclusion, our
results show that TTCCs are needed for both SA pace-
maker function and AV conduction in zebrafish larvae, as
has been shown in mammals.

3.3 | TTCCs are not essential to maintain
ventricular contraction in zebrafish larvae

Contraction of myocytes in adult zebrafish has been
reported to rely on sarcolemmal Ca’' influx through
LTCCs and reverse mode Na/Ca exchanger.*®'"!* We
and others previously reported that the LTCC blocker
nifedipine reduced Ca** levels, CaT amplitude, and ven-
tricular contractility in zebrafish larvae.”*>** Although
a robust I, t has been described in both the atrium and
ventricle of adult zebrafish, accounting for about 32%
of sarcolemmal Ca** influx,** its physiological signifi-
cance in the working myocardium is unknown. A recent
study found a physiological role of TTCCs in ventricular
cardiomyocytes of adult mice.?® Ni** at a concentration
which inhibits Ic, t hardly decreased the force of con-
traction of zebrafish ventricular slices.* Interestingly,
here we show that the TTCC blocker ML218 had no ef-
fect on CaT amplitude or contractility in larvae showing
bradycardia (Figure 3). It is possible that the Ca**-
dependent inhibition of L-type Ca** current is removed
when TTCCs are blocked, which may cause a compen-
satory increase in Ca** influx so that the CaT amplitude
is not changed. Because of its low-voltage threshold of
about —70mV and fast inactivation, I, 1 contributes to
the early phase of the AP and CaT, in contrast with I¢, |
(—40mV threshold).®'® Here, we found that inhibition
of TTCCs increases the rise time of the CaT. It has been

ACTA PHYSIOLOGICA Mk

suggested that early activation of TTCCs during the AP is
relevant to the adaptation of the zebrafish HR to higher
temperatures found in their native environment.® Thus,
the function of TTCCs may be more important to ensure
a fast Ca®" rise at high HR than to achieve a net Ca**
influx. Our findings suggest that Ca** influx through
TTCCs does not play a major role in the contraction of
the larval zebrafish heart, despite their reported abun-
dance in atrial and ventricular cardiomyocytes.

3.4 | Correlation between Ca*" and
ventricular filling with the strength of
contraction

The strength of cardiac contraction depends on the sympa-
thetic tone (contractility, related to the systolic Ca*" rise)
and on ventricular filling at the end of diastole (preload or
end-diastolic volume). Here, drugs causing 2:1 AV block
(Ig, blockers and the TTCC blocker ML218), by decreas-
ing ventricular HR to half, decreased diastolic Ca** lev-
els, raised CaT amplitude, and increased the SV due to an
increased preload (Figures 1D and 3D, Figures S1D and
S3C, Tables 1 and 2 and Table S3). In contrast to mam-
mals, the teleost atrium plays a crucial role in ventricular
filling, which depends on atrial contraction rather than
on venous pressure.*® In 2:1 arrhythmia caused by M1.218,
two atrial beats fed the ventricle before its contraction so
that the FAC and SV increased (Figure 3D). This result
is consistent with mechano-mechanical coupling (Frank-
Starling mechanism): stretching of the ventricle caused a
stronger contraction; this effect was particularly clear in
Figure 4D. It was recently shown that acute atrial dilation
in 2dpf zebrafish by injection of a given volume into the
venous circulation upstream of the heart increased the
atrial stroke area, suggesting that mechano-mechanical
coupling drives the adaptive increase in atrial output dur-
ing development.*® These and the present results high-
light the advantage of the zebrafish model to investigate
cardiac performance in vivo.

3.5 | Zebrafish larvae as a model to
study the function of repolarization and
Ca’* currents

Zebrafish embryos and larvae have been proposed as an
in vivo model to study cardiac physiology, pathophysiology,
and drug discovery.">*"*’ However, whether findings in
this vertebrate animal model can be extrapolated to under-
stand human disease mechanisms must be carefully consid-
ered since there are differences among isoforms of several
ion channel types.>® A zebrafish-based screening platform
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has been proposed for early assessment of cardiovascular
toxicity during drug discovery.***’ Besides, in a comparative
quantitative analysis of the in vivo cardiovascular responses
of zebrafish, rat, dog, and human to the model drugs pro-
pranolol, losartan, and captopril, zebrafish and human re-
sponses were comparable in >80% of drug combinations.>
These reports suggest the translatability of cardiovascular
drug responses in the zebrafish model to the human. Since
TTCCs are abundantly expressed in zebrafish, our results
suggest that this model will allow examination of the role
of I, r as a potential drug target in human fetal or neonatal
heart disease, and in hypertrophy and heart failure in adults,
when these channels are re-expressed.®

4 | MATERIALS AND METHODS

4.1 | Ethical approval

All procedures were approved by the Consejeria
de Agricultura, Agua y Desarrollo Rural, Junta de
Comunidades de Castilla-La Mancha, Spain (document
dated March 16, 2020). Zebrafish husbandry was carried
out following standard procedures in compliance with na-
tional and EU regulations (RD 53/2013, Spain).

4.2 | Zebrafish husbandry

Zebrafish were kept in the Center for Animal
Experimentation of the Albacete School of Medicine with
a light/dark cycle of 14/10h. Fertilized zebrafish eggs in
synchronized stage were obtained following standard pro-
cedures. Zebrafish eggs and larvae were maintained in
E3 medium (5mM NacCl, 0.17mM KCl, 0.33mM MgSO,,
0.33mM CacCl,, pH 7.4 in double-distilled H,O) at 28.5°C.
No methylene blue was added to E3 medium to decrease
larva autofluorescence.

4.3 | Zebrafish transgenic lines

The following fish lines expressing ratiometric
Ca®" biosensors were used: Tg(myl7:Twitch-4),”
Tg(myl7:mCyRFP1-GCaMP6f),”® and Tg(myl7:Twitch-1)
(this study).

4.4 | Generation of the transgenic line
Tg(myl7:Twitch-1)

The ratiometric Ca®t biosensor Twitch-1*7 was cloned
into the pT2A-Tol2-myl7 transposon vector as previously

described.** To generate stable transgenic zebrafish,
single-cell wild-type AB embryos were injected with a mix-
ture of pTol2-myl7:Twitch-1 and transposase mRNA each
at a concentration of 12.5ng/pL. For transposase mRNA
production, the pCS-zT2TP construct™ was linearized
via Apal digestion, and in vitro transcription was carried
out using the mMESSAGE mMACHINE SP6 kit (Ambion
Inc.). Injected embryos (FO) were screened by fluorescence
in the heart and grown to adulthood. Adult FO fish were
outcrossed to wild-type AB zebrafish to identify founders
with insertions in the germline by the presence of cardiac
fluorescence in their offspring (F1). Fluorescent F1 fish
were outcrossed to wild-type AB zebrafish, and F2 larvae
expressing Twitch-1 were raised to adulthood. Adult F2
fish were crossed again with adult wild-type AB zebrafish
to obtain F3 Tg(myl7:Twitch-1) embryos, which were used
for imaging.

4.5 | Mounting of larvae for microscopy
Non-anesthetized 3, 4, and 5dpf larvae were embedded
in 100pL of 0.3% low melting point agarose in E3 me-
dium and gelled on 96-square well plates and flat clear
bottom (ibidi) (one larva per well). Larvae at 3 and 4dpf
were mounted ventral-side down and, at 5 dpf, right-
side down to visualize atrium and ventricle in the same
plane. Once the agarose solidified, 100 pL of E3 medium
was added to each well and larvae were incubated for
30min at 28°C to get a stable HR. Where indicated, larvae
were incubated with 75pM of the myosin inhibitor para-
aminoblebbistatin (Optopharma) for 2h before mounting
for microscopy.

4.6 | Ratiometric fluorescence imaging
We acquired fluorescence images of the beating heart
of 3, 4, and 5dpf larvae with a wide-field microscope
(DMIRE-2, Leica Microsystems) equipped with a sCMOS
camera (ORCA-Flash 4.0), controlled by Aquacosmos
2.6 (both from Hamamatsu Photonics) as previously de-
scribed.”®* The image acquisition rate was 50 frames/s
(20ms integration per image) during 5-10s; some lar-
vae were imaged at 100 frames/s. Larvae under the
microscope stage were kept at 28°C in a chamber in-
cubator (PeCon GmbH). Excitation source and optical
elements for Twitch-4 and Twitch-1 were as described
in Salgado-Almario et al*® and for mCyRFP1-GCaMP6f
as in Vicente et al.?’ The short- and long-wavelength
emission images of these biosensors were acquired si-
multaneously with an image splitter (W-View Gemini,
Hamamatsu Photonics).
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4.7 | Drug treatment

Dofetilide (Tocris 3757), terfenadine (Tocris 3948),
astemizole (Tocris 3489), haloperidol hydrochlo-
ride (Tocris 0931), and ML218 hydrochloride (Tocris
4507) stock solutions were made in dimethyl sulfoxide
(DMSO) and diluted in E3 medium at 28°C. After record-
ing basal images, 100 pL of drugs diluted in E3 medium
were added to the well, and new sets of images were re-
corded. High drug concentrations were used since the
skin and the agarose layer, where larvae are embed-
ded, slow down diffusion and access of the drug to the
heart.'>?*3° For treatment with terfenadine, embryos at
1dpf were placed in 0.003% N-phenylthiourea (Sigma-
Aldrich P7690) in E3 medium to prevent pigmentation.
At 3dpf, larvae were transferred to a N-phenylthiourea
solution containing 20 pM terfenadine or 0.04% DMSO
and incubated for 24 h.

4.8 | Ratio image processing and
data analysis

Ratiometric images and ratio data were processed and
analyzed with the custom software Ratioscope 8.31
(doi.org/10.25493/5G5V-HBC) written in the IGOR
Pro environment (WaveMetrics, OR, USA) as reported
in Salgado-Almario et al.?® In short, ratio images were
calculated pixel-by-pixel at each time point (YFP/CFP
emission ratio for the FRET indicators; GCaMP6f/
mCyRFP1 emission ratio for mCyRFP1-GCaMPe6f).
Regions of interest (ROI) were drawn over the atrium
and the ventricle, and the ratio value of each was cal-
culated by averaging all the pixels' values weighted by
the average intensity of the two emission channels in
each pixel.’*** Thus, background, dim pixels contrib-
uted little to the computed ratio and thresholding was
not needed for display.

4.9 | Automatic calculation of kinetic
parameters of the Ca®* transients

Several kinetic parameters were automatically calculated
from the ratio traces with the software Ratioscope 8.31 in
IGOR Pro: diastolic ratio, systolic ratio, ratio amplitude
(systolic minus diastolic ratio), and HR of the CaT (in
bpm). Data shown for each larva represent the average
of all the cardiac cycles in 5 or 10s of continuous record-
ing. We calculated the AV delay of the Ca** transients by
subtracting the start time of the atrial CaT from that of
the ventricular CaT. This parameter is analogous to the
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PR interval of the ECG (the delay between atrial and ven-
tricular electrical excitation).

4.10 | Automatic measurement of
ventricular diameter

To monitor the ventricular filling and contraction, we
wrote an analysis program in IGOR Pro that automati-
cally measures changes in the ventricular diameter
throughout the cardiac cycle. A line drawn through the
ventricle in the fluorescence images tracks the movement
of the wall, and the displacement of the ventricular walls
is represented in a kymogram. The external wall was used
to measure the ventricular diameter since the inner wall
did not provide sufficient contrast owing to trabeculation.

411 | Measurement of contractile and
hemodynamic parameters

To calculate contractile parameters, we measured the
ventricular end-systolic and end-diastolic areas and major
diameters in systole and diastole by drawing ROIs. These
area measurements were used to calculate the fractional
area change (FAC).

end diastolic area — end systolic area
FAC = ( y! )

end diastolic area

To analyze the hemodynamic parameters, we estimated
the ventricular end-systolic and end-diastolic volumes
with the formula of an ellipsoid of revolution, assuming
that the diameter in the z-axis matched the minor diame-
ter in the imaging plane:

Volume = 4/3 x minor radius X ventricular area

The minor end-systolic and end-diastolic diameters
were calculated assuming that the ventricle in the focal
plane is an ellipse of equal area and major diameter as
those measured with ROIs:

Area of ellipse = # X minor radius X major radius

. . Area of an ellipse
Minor radius =

(wr x major radius)

The hemodynamic parameters were

Stroke volume (SV) =end diastolic volume

—end systolic volume

Cardiac output (CO) = SV x HR
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4.12 | Statistics

Statistical analysis was done with GraphPad Prism 8
(GraphPad Software) and Igor Pro (WaveMetrics). The
Shapiro-Wilk test was used to test for normality. In
case of normal distribution, the differences between two
groups were analyzed using the paired Student's ¢ test.
Comparisons between multiple experimental groups
were analyzed by one-way ANOVA with Dunnett's multi-
ple comparisons post-test for paired data or with Tukey's
multiple comparisons post-test for unpaired data. In case
of non-normal distribution, the differences between two
groups of paired data were analyzed using the Wilcoxon
test. Comparisons between multiple experimental groups
were analyzed by the Friedman test with Dunn's multiple
comparisons post-test for paired data, or by the Kruskal-
Wallis test with Dunn's multiple comparisons post-test for
unpaired data. The number of independent experiments
(experimental days, N) and the number of larvae (n) are
indicated in the figure legends. Data are shown as the
mean=+SD. A p<0.05 was considered statistically signifi-
cant (*p<0.05, 'p<0.01, *p<0.001).

413 | Conclusion

The present results show the potential of the transgenic
lines expressing ratiometric Ca®* biosensors in the heart
to investigate the function of ion channels and their me-
chanical impact in the zebrafish model. Our results sug-
gest that the Iy, current plays similar roles in zebrafish
and mammals and that Iy, blockers primarily hinder con-
duction along the AV canal but can also extend the refrac-
tory period of working ventricular myocytes. Moreover,
as it happens in mammals, TTCCs are involved in the
SA pacemaker and in AV conduction in zebrafish larvae.
In contrast with LTCCs, inhibition of TTCCs seems not
to decrease the force of ventricular contraction. Since
zebrafish larvae allow high-throughput drug screen-
ing,***® the lines expressing Ca** biosensors in the heart
could also be used to identify anti-arrhythmic compounds.
Furthermore, the ease of gene modification in zebrafish
may allow the study of the mechanism of genetic arrhyth-
mias in personalized medicine.
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