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Abstract
There is significant interest in the potential utility of small molecule activator compounds
to mitigate cardiac arrhythmia caused by loss-of-function of hERGla voltage-gated
potassium channels. Zebrafish (Danio rerio) have been proposed as a cost effective, high
throughput drug-screening model to identify compounds that cause hERG1a dysfunction.
However, there are no reports on the effects of hERG1a activator compounds in zebrafish,
and consequently on the utility of the model to screen for potential gain-of-function
therapeutics. Here, we examined the effects of hERG1a blocker, and type 1 and type 2
activator, compounds on isolated zkcnh6a (zERG3) channels in the Xenopus oocyte
expression system, as well as action potentials recorded from ex vivo adult zebrafish
whole hearts using optical mapping. Our functional data from isolated zkcnh6a channels
show that under the conditions tested these channels are blocked by hERG1a channel
blockers (dofetilide and terfenadine), and activated by type 1 (RPR260243) and type 2
(NS1643, PD-118057) hERG1a activators with higher affinity than hKCNH2a channels
(except NS1643), with differences accounted for by different biophysical properties in the
two channels. In ex vivo zebrafish whole hearts, two of the three hERG1a activators
examined caused abbreviation of the APD, while hERGla blockers caused APD
prolongation. These data represent, to our knowledge, the first pharmacological
characterization of isolated zkcnh6a channels and the first assessment of hERG enhancing
therapeutics in zebrafish. Our findings lead us to suggest that the zebrafish ex vivo whole
heart model serves as a valuable tool in the screening of hKCNHZ2a blocker and activator

compounds.



Introduction

The human ether-a-go-go related gene (hERG, or KCNH2) encodes the voltage-
gated potassium (Kv) channel underlying the rapid cardiac delayed rectifier current, Ik,
(43, 44, 48). The unique properties of KCNH2 channels allow this current to play a critical
role in cardiac repolarization and the termination of the ventricular action potential (43,
44, 48). Compared with other Kv channels, KCNH2 channels display unusual gating, with
slow activation and deactivation and rapid inactivation and recovery from inactivation.
The disruption of this current, due to inherited loss-of-function mutations in KCNH2 or
pharmacological blockade of the channel, can lead to a disorder known as long QT
syndrome (LQTS). LQTS is characterized by delayed cardiac repolarization and
consequently prolongation of the QT-interval and this may lead to fatal cardiac
arrhythmias (10, 43). As such, there is significant interest in the development of strategies
to enhance KCNH2 channel function, as well as the establishment of translatable
screening models that account for the complexities of electrical activity in
cardiomyocytes, such as the presence of multiple cardiac ion currents and individual
genomic variability.

There has been increasing interest in the use of zebrafish as a translatable
screening model for LQTS, in part because the cardiac electrophysiology of this teleost
species more closely resembles that of human than some mammals (e.g. murines). For
example, the intrinsic heart rate in zebrafish, 110-130 bpm, is similar to human (47), while
the typical resting heart rate in the mouse is 500-700 bpm (11, 22, 49). Morphological
differences of the murine cardiac action potential, specifically the lack of a plateau phase
and relatively short AP (28), further complicate the translation of findings to the human
heart, particularly for the study of phase 3 repolarization disorders, such as LQTS. In
contrast, the zebrafish ventricular action potential exhibits a robust plateau phase and an
action potential duration (APD) that more closely reflects that observed in human
ventricular myocytes (4, 25, 34, 50). Furthermore, zebrafish ventricular myocytes possess
many of the same ion currents found in the human ventricle with repolarization in the

zebrafish strongly reliant on Ik (1, 3, 15, 18, 24, 34, 41, 45).



The utility of zebrafish to study repolarization disorders such as LQTS caused by
hERG channel dysfunction can be well demonstrated by previous phenotypic
characterization of native or engineered mutant zebrafish strains (1, 18, 23, 24, 52).
Several zebrafish kcnh genes (zERG) have been identified (zkcnh2a, zkcnh2b, zkcnh6a and
zkcnh7), with zkcnh6a, and to a lesser extent zkcnh2a, being the predominant transcript
inthe heart (26, 50). The breakdance mutant results from a mutation in the zkcnh6a gene,
and displays 2:1 atrioventricular block (8), which has been observed with LQTS (2). The
reggae mutant shortens QT interval as a result of a mutation that resulted in altered
gating of zkcnh6a channels (18). Other loss-of-function zkcnh6a mutations result in a
silent ventricle phenotype and one of these mutants, zkcnh6a M521K, was found to
prolong the APDqg in a heterozygous embryo (1). In addition, zkchn6a, and to a lesser
extent zkcnh2a, knockdown using morpholinos (33) resulted in altered QT duration and
bradycardia (19, 24). Similarly, application of a range of hKCNH2-blocking compounds to
WT zebrafish embryos results in bradycardia (24, 33) and some hKCNH2-blockers have
been shown to cause QT prolongation in zebrafish larvae (35) and adult zebrafish in vivo
(31). These electrophysiological characteristics of zebrafish hearts make them well suited
for the investigation of human cardiac electrical disorders, and in particular /xr (hERG)
related phase 3 repolarization-related disorders.

Despite the prominent expression of zkcnh6a and significant interest in using
zebrafish as a drug screening platform (31, 33, 37), the pharmacological properties of
zkcnh6a channels have not been examined. Furthermore, since there is significant
interest in the screening of hERG activator compounds, investigation of the facilitatory
effects of hERG activators on zkcnh6a channels is warranted. Here, we have characterized
the effects of several hKCNH2a blocker and activator compounds to investigate the
pharmacological properties of zkcnh6a channels in a heterologous expression system. We
examine a type 1 activator, which increase repolarizing current primarily by slowing
channel deactivation, and type 2 activators, which increase hKCNH2a tail current
primarily by reducing inactivation. We then use optical mapping of whole ex-vivo

zebrafish hearts to demonstrate prolongation of the APD following treatment with



hKCNH2a-blocking compounds and APD shortening in the presence of some hKCNH2a
activator compounds. These data highlight the utility of the zebrafish whole heart model
as an attractive translational model for studying hKCNH2a function and pharmacology.
This model also provides insight into the complex action of hKCNHZ2a-activator
compounds on both APD and action potential morphology that are useful in validating

their therapeutic potential.

Materials and Methods
Heterologous expression of zkcnh6a in Xenopus laevis oocytes

hKCNH2a (hERG1a) and zkcnh6a (zERG3a) channel constructs were expressed in a
pBluescript SKII vector as described previously (9). zkcnh6a cDNA (Accession No.
NM_212837) was synthesized commercially (Genewiz, New Jersey, USA) and subcloned
into the pBluescript vector. cRNA was transcribed from each construct using the
mMessagemMachine T7 Ultra cRNA transcription kit (Ambion, Austin, TX) following cDNA
linearization with Xbal restriction endonuclease.

Oocytes were isolated from female Xenopus laevis frogs and hKNCHZ2a or zkcnh6a
cRNA was injected in accordance with the Simon Fraser University Animal Care
Committee, and Canadian Council on Animal Care protocols and procedures as described
previously (9). Following cRNA injection, oocytes were incubated in SOS+ media (in
millimolar: 96 NaCl, 2 KCI, 1.8 CaCl,, 1 MgCl,, 5 HEPES, 2.5 sodium pyruvate, 100 mg/L
gentamycin sulfate and 5% horse serum, titrated to pH 7.4) for 2-7 days at 19 °C prior to
voltage clamp experiments.

Membrane currents were recorded from hKNCHZ2a or zkcnh6a channels using the
two-electrode voltage clamp technique with an Axoclamp 900A amplifier (Axon
Instruments, Foster City, CA) and computer-driven voltage protocols (pClamp 10 software
and Digidata 1440 interface; Axon Instruments). Recordings were obtained in ND96
solution (in millimolar: 96 NaCl, 3 KCIl, 1 MgCl,, 0.5 CaCl,, 5 HEPES, titrated to pH 7.4).

Microelectrodes had a resistance of 0.2-2.0 MQ when filled with 3 M KCl. Signals were



acquired at a sampling rate of 10 kHz with a 4 kHz low-pass filter. Experiments were
performed at 20-22 °C.

Conductance-voltage (G-V) relations were calculated from peak tail current
amplitudes. Curves were fitted with a single Boltzmann function: y = 1/{1+exp[(V12-V)/k]},
where y is the conductance normalized with respect to the maximal conductance, Vi is
the half-activation potential, V is the test voltage, and k is the slope factor. The late phase
of activation, from 50% of Gmax, Was fitted with a single exponential using f (t) = A*exp(t/t)
+ C, where A is the amplitude of the fit, t is time, Tis the time constant of activation and
C is the residual current. Deactivating currents were fitted with a double exponential
using f (t) = Asiow *exp(t/Tsiow) + Arast ¥ exp(t/Trast) + C, where Asst and Asiow are the amplitudes
of the two components of the fit, t is time, Tr.st and Tsiow are the time constants of the two
components of deactivation, and C is the residual current. The Tgeact Values presented
represent the sum of the two components (trnst and Tsow) Weighted by the relative
amplitude of each component. Rectification factor was calculated as previously described
(43) using: R =1/Gn(V - Erev), where R is the rectification factor, | is the membrane current,
G is the slope conductance calculated from the fully activated current-voltage
relationship, n is the activation variable (which was set at 1 as our data were collected
from fully activated channels), V is the test voltage and Er is the measured reversal
potential. The current voltage relationship in response to an action potential protocol
were plots to examine the voltage of peak current as previously described (5). The
concentration-response relationship of drug block of hAKCNH2a and zkcnh6a channels was
described by the Hill equation: y = 1 - x?/(c® + x®), where y is the fractional conductance, c
is the ICso value, and b is the Hill coefficient. The concentration-response relationship of
drug enhancement of hAKCNH2a and zkcnh6a channels was described by the Hill equation:
y =1+ ax®/(c® + x°), where vy is the fractional conductance, a is (Imax - Imin), C is the ECso
value, and b is the Hill coefficient. Data throughout the text and figures are shown as the
mean = SE. In all figures, arrows mark the zero-current level.

The effects of hKCNH2-blockers, dofetilide and terfenadine, as well as hKCNH2-
activators, NS1643, PD-118057, and RPR260243, were examined. Dofetilide, PD-118057



and terfenadine were purchased from Sigma-Aldrich (Oakville, ON), NS1643 was
purchased from Tocris Bioscience (Oakville, ON) and RPR260243 was purchased from
Aobious (Gloucester, MA). Drug solutions were prepared immediately prior to
experiments by dilution of stock solutions: 25 mM NS1643 in DMSO; 10 mM dofetilide,
PD-118057 or RPR260243 in DMSO; 10 mM terfenadine in EtOH.
Zebrafish ex vivo whole heart optical mapping

Zebrafish whole-hearts were isolated from adult zebrafish in accordance with the
Simon Fraser University Animal Care Committee, and Canadian Council on Animal Care
protocols and procedures, and as described previously (27). Calcium Tyrode’s solution
was used for all procedures. Fish were euthanized by cold shock followed by decapitation,
and hearts were dissected from a tissue wedge excised from the region between the gills
and pectoral fins. Isolated hearts were cannulated through the bulbus arteriosus using a
34-gauge needle. Hearts were labeled with the potentiometric dye, RH-237 (20 uM; AAT
Bioquest, Sunnyvale, CA) in Ca®* Tyrode’s solution at room temperature for 30 min. This
was followed by treatment with the myosin Il inhibitor, blebbistatin (20 uM; TRC, North
York, ON) in Ca?* Tyrode’s solution for 60 min. Imaging and analysis were carried out as
described in Lin et al. (27). Briefly, cannulated hearts were suspended in in Ca?* Tyrode’s
solution supplemented with 20 uM blebbistatin in a temperature-controlled chamber.
RH-237 fluorophores were excited using a 350 mW 530 nm LED module (Thorlabs) via a
630 nm long pass dichroic mirror (XF2021, 630 DRLP, Omega Optical, Brattleboro, VT). A
700 nm long pass filter (Omega 700LP) was used to isolate the fluorescence emission and
the signal was detected using a GE680 CCD camera (Allied Vision Technologies, Burnaby,
BC, Canada) at a rate of 205 frames per second. All hearts had an intrinsic rate above 60
bpm prior to the stimulation protocols. Hearts were paced at rates greater than the
intrinsic heart rate (pacing rates ranging from 100 - 180 bpm) and all experiments were
conducted at 28 °C. Following control recordings, hearts were superfused with a
hKCNH2a-modifying compound and recordings were taken every 20 min. Recordings
represent average AP traces from a region of interest defined by the experimenter.

Typically, this included the majority of the ventricle. Ventricular APs were recorded



immediately prior to (control condition) and 60 min post superfusion with a hKCNH2-
modifying compound (drug condition). The ventricular APD from 50% upstroke to either
25% downstroke (APD3s) or 75% downstroke (APD7s) was calculated from hearts in
control and drug conditions. The AAPDs represents the drug-induced in measured APD7s
values (AAPD7s5 = APD75 drug — APD75 control).
Statistical Methods

Statistical differences between hKCNH2a and zkcnh6a were evaluated by a two-
tailed independent t-test (a = 0.05) for the functional characterization, pharmacological
block, and fold change in peak current in response to an action potential protocol (Fig. 1,
2, & 5). Statistical tests could not be performed to assess differences between the ECso
values for the pharmacological activators tested in AKCNH2a compared with zkcnhé6a (Fig.
3 & 4), since it was not always possible to collect data at all drug concentrations in each
oocyte. Concentration-response curves for activator compounds and ECso values
therefore reflect fits to the mean data without statistical comparison. Statistical
comparisons were made between mean data describing the effect of near saturating
concentrations, i.e the highest concentration tested that induced a near maximal effect)
of each activator using a two-tailed independent t-test. Statistical differences in APD
following drug treatment (compared to control) were evaluated by a two-tailed one-way
repeated measures ANOVA (a = 0.05) for the zebrafish ex vivo whole hearts (Fig. 6).

Results

Functional Characterization of zkcnh6a Channels

A recent study shows the presence of several zkcnh transcripts in the adult
zebrafish ventricle; zkcnh2a, zkcnh2b, zkcnh6a and zkcnh7; of which kcnh6a was by far
the most predominant (50). Looking to use whole hearts to screen hERG blocker and
activator compounds, we conducted a biophysical and pharmacological characterization
of zkcnh6a channels expressed in a heterologous system. Our biophysical characterization
of zkcnh6a (zERG3a) channels expressed in Xenopus laevis oocytes, alongside that of
hKCNH2a (hERG1a) channels, is shown in Fig. 1. The zkcnh6a channel had a right-shifted
V1, of activation (-8.6 + 1.2 mV) compared with that of hKCNH2a (-31.1 + 1.5 mV, p <



0.001) with no change in the slope (8.2 £ 0.2 and 8.0 + 0.3, respectively, p = 0.672)
consistent with previous biophysical measurements (45) (Fig. 1B). The time constant of
activation (tact) in response to a +60 mV depolarizing pulse was greater for zkcnh6a than
hKCNH2a (Fig. 1C), with Tact being 74.1 £ 2.8 ms and 54.1 + 4.2 ms, respectively (p = 0.004).
To assess inactivation properties, we compared the rectification of the two channels. Fig.
1 E shows that zkcnh6a channels display a left-shifted voltage dependence of inactivation
(-76.9 £ 1.2 mV) compared to hKCNH2a channels (-50.6 £ 2.1 mV, p < 0.001). We also
examined the kinetics of deactivation (t4eact) by fitting tail currents to a biexponential
function. The zkcnh6a channel displayed accelerated tgeact cOmpared to the hKCNH2a
channel at all voltages examined (Fig. 1 F, p < 0.001). To assess how the differences in
zkcnh6a channel gating affect the morphology of the current contributing to an action
potential, we recorded current traces in response to a ventricular action potential
stimulus waveform (Fig. 1 G). The overall morphology of the zkcnh6a channel current
mimicked that of the hKCNH2a channel current, with limited outward current during the
initial phases followed by a large outward current peaking during the repolarization phase
of the voltage protocol. However, there was a reduction in the outward current passed
during the plateau phase of the action potential in zkcnh6a channels. Quantification of
the current-voltage relationship (Fig. 1 H) shows that zkcnh6a channels display a negative
shift in the voltage at which peak current occurred (-38.8 + 0.5 mV) compared to hKCNH2a
channels (-28.9 + 1.4 mV, p < 0.001).
Effects of hKCNH2a Channel Blockers, Dofetilide and Terfenadine, on zkcnh6a Channels
Both dofetilide and terfenadine have been shown to be high-affinity hKCNH2a
channel blockers. To assess the concentration-dependence and efficacy of drug block by
dofetilide and terfenadine, oocytes were subjected to a drug diary protocol which
consisted of a repeated 500 ms depolarizing pulse to +60 mV followed by a -110 mV
repolarizing pulse (pulse frequency, 0.1 Hz) to elicit tail currents. Peak tail currents in
response to the -110 mV pulse were used to assess steady-state drug block of hKCNH2a
channels and zkcnh6a channels (Fig. 2). Drug block of zkcnh6a channels by dofetilide was

greater than the block of hHKCNH2a channels with ICso values of 4.3+ 0.7 uM and 2.6 £ 0.4
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UM, respectively (p = 0.045). Terfenadine showed a greater affinity for zkcnh6a channels
compared with hKCNH2a channels, with 1Csq values of 6.7 £ 1.0 uM for hKCNH2a and 0.7
+ 0.2 uM for zkcnh6a (p < 0.001).

Effects of a Type 2 Activator on zkcnh6a Channels

NS1643 is a type 2 activator compound (which primarily modify hERG inactivation)
that has been shown to increase hERG1a (hKCNH2a) channel tail currents. NS1643 leads
to accelerated activation, slowed inactivation, a left-shifted voltage-dependence of
activation and a right-shifted voltage-dependence of inactivation, the combined influence
of which leads to an increase in peak tail current amplitude (6, 17). Here we measured
the fold increase in the peak tail current (during a -60 mV pulse) following a 2 s
depolarizing step to +10 mV to compare the effects of NS1643 on hKCNH2a and zkcnhéa.
Both hKCNH2a channels and zkcnh6a channels showed an increase in outward current
during the depolarizing +10 mV step as well as the -60 mV repolarizing step in response
to treatment with 30 UM NS1643 (Fig. 3 A). At this concentration, which was close to
saturation of the NS1643 effect, the current was enhanced 1.5 + 0.0-fold in hKKCNH2a and
1.6 + 0.1-fold in zkcnh6a (t-test; p = 0.383), with ECsp values of 4.9 uM and 8.7 uM,
respectively (Fig. 3 B).

PD-118057 is another type 2 activator compound that has been shown to enhance
hERG1la (hKCNHZ2a) channel function (38, 57). Application of PD-118057 leads to an
increase in peak tail current as well as a right-shifted voltage-dependence of inactivation
(38, 57). Both hKCNH2a channels and zkcnh6a channels displayed increased tail current
amplitude and a right-shift in the voltage-dependence of inactivation following treatment
with 10 uM PD-118057 (Fig. 3C). At a near saturating concentration (30 uM), PD-118057
increased peak tail current amplitude 1.8 + 0.1-fold in hKCNH2a and 2.9 + 0.1-fold in
zkcnhéa (t-test, p < 0.001), with ECso values of 4.0 uM and 11.5 uM, respectively. The Vi,
of inactivation was shifted by +14.6 £ 1.0 mV in hKCNH2a and by +27.4 = 1.5 mV in
zkcnh6a (t-test, p < 0.001), with ECso values of 1.8 uM and 6.8 uM, respectively (Fig. 3 D).
Effects of a Type 1 Activator on zkcnh6a Channels

RPR260243 is a type 1 activator compound (primarily modifies hERG deactivation)
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that has been shown to dramatically slow hERG1a channel (hKCNH2a) deactivation gating
as well as right-shift the voltage-dependence of inactivation (20, 39). We observed a
marked slowing of deactivation upon application of 10 uM RPR260243 for both hKCNH2a
and zkcnh6a channels (Fig. 4 A). Since the effects of RPR260243 on deactivation kinetics
are complex at higher RPR260243 concentrations, changes in deactivation were
guantified by measuring the fold increase of the integrated tail current (integral /i) as
performed previously (39). At 30 uM, which was close to saturation of the effect on
deactivation, RPR260243 increased the integral /ti 3.6 + 0.4-fold in hKCNH2a and 10.5 +
1.8-fold in zkcnh6a (t-test, p = 0.016), with ECso values of 6.7 uM and 26.1 uM,
respectively (Fig. 4 B).
Effects of hKCNH2a Channel Blockers and Activators on zkcnh6a During an Action
Potential

Since many drugs that interact with hAKCNH2a channels have multiple mechanisms
of action, we sought to describe the composite effect of each drug tested on the current
in response to an action potential voltage protocol (Fig. 5). As expected, we observed a
large reduction in the current in all phases of the action potential protocol for both
hKCNH2a channels and zkcnh6a channels treated with 5 uM dofetilide (Fig. 5 A).
Conversely, we observed enhanced current throughout the action potential protocol for
both hKCNH2a channels and zkcnh6a channels treated with 30 uM NS1643 (Fig. 5 A). The
fold change in zkcnh6a and hKCNH2a peak current during an action potential protocol in
response to dofetilide (p = 0.221), terfenadine (p = 0.100) and NS1643 (p = 0.324) were
not different, whereas fold increase in peak current in response to PD-118057 (p < 0.001)
and RPR260243 (p < 0.001) was greater in zkcnh6a compared with hKCNH2a channels
(Fig. 5 B). A zkcnh6a homology model constructed based on the cryo-EM structure of
hERG (51) using SWISSMODEL (Fig. 5 C) and a sequence alignment of hKCNH2a and
zkcnh6a with residues previously identified (14, 16, 30, 38—40, 53-55) to be involved in

activator binding/coordination highlighted (Fig. 5 D) suggests that the binding site for the
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activators examined would be expected to be conserved between zkcnh6a and hKCNH2a
channels.

Evaluation of the effects of hKCNH2a-modifying compounds on Zebrafish ex vivo Whole
Hearts

We aimed to use zebrafish whole hearts to study the potential of the model to
screen for hKCNH2a blocker-induced arrhythmogenicity as well as for testing the
therapeutic potential of h(KCNH2a activator compounds. We examined the gross electrical
activity of isolated zebrafish whole-hearts by optically mapping voltage changes in excised
cannulated hearts in the absence and presence of hKCNH2a blockers or activators (Fig. 6
A). Superfusion of the hKCNH2a channel blockers, dofetilide (50 nM) or terfenadine (200
nM), resulted in a prolongation of the APDs (Fig. 6 B). The drug-induced AAPD7s indicated
significant prolongation (p < 0.05) at all stimulation rates tested for both dofetilide and
terfenadine (Fig. 6 C).

We next investigated the effects of hKCNH2a-activating compounds. Superfusion
of RPR260243 (30 uM) or PD-118057 (40 uM) resulted in abbreviation of the APDs (Fig.
6 B). The RPR260243- and PD-118057-induced shortening of APD;s was significantly
different (p < 0.05) at all stimulation rates tested, with the effects of RPR260243 being
particularly robust, while there were no significant changes in APDys (Fig. 6 C). In the
presence of NS1643 (20 uM), we did not observe shortening of the APDys (Fig. 6 B and C);
however, APD,s was significantly abbreviated (p < 0.05) at all but the highest stimulation
rate tested (Fig. 6 C).

Discussion
One of the main goals of the present study was to evaluate the use of adult
zebrafish hearts as a translational model for pharmacological investigation of both
hKCNH2a channel blockers and activators. To do this, we firstly conducted a biophysical
and pharmacological characterization of the zkcnh isoform, zkcnh6a, the predominant
transcript expressed in adult zebrafish at 28°C. Detailed characterization showed some

differences in the biophysical properties of zkcnh6a compared with hKCNH2a that
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manifest in a delay in repolarizing current during an action potential waveform. Our
pharmacological characterization shows that the blockers tested reduce zkcnh6a and
hKCNH2a current during a stylized ventricular action potential waveform to a similar
degree, while activators increased zkcnh6a current to the same degree or greater than
hKCNH2a current. Translating these findings to the zebrafish ex vivo whole heart model
we show that all hAKCNH2a activator compounds tested abbreviate the ventricular action
potential, although in at least one instance the mechanism by which this occurs appears
complex. These findings lead us to suggest that zkcnh6a channel currents play a
comparable role to hKCNH2a in the cardiac action potential, contributing primarily to
phase 3 repolarization and support the potential utility of the zebrafish whole-heart
model in screening for hKCNH2a channel activator compounds with some caveats
discussed below.

We found the biophysical properties of zkcnh6a channels to be consistent with
those described previously (45), with a right-shifted voltage dependence of activation and
a left-shifted voltage dependence of inactivation compared with hKCNH2a. zkcnhé6a also
displayed slowed activation kinetics and accelerated deactivation kinetics compared with
hKCNH2a. These differences appear to be of some potential functional significance as
they produced differences in the morphology of zkcnh6a current and earlier
repolarization in response to an action potential waveform voltage protocol, although the
gross phenotype closely resembled that of hKCNH2a current. There are limitations to the
interpretation of these observations in that our experiments, which were conducted at
20-22°C, cannot account for differential effects of temperature between hKCNH2a (37°C)
and zkcnh6a (28°C) in their native in vivo environment. In addition, zkcnh6a and hKCNH2a
channel currents were recorded in response to a stylized ventricular action potential,
which may not fully represent zebrafish or human action potential morphology at
physiological temperatures or at different rates.

Our pharmacological characterization showed that the ICso values describing
dofetilide and terfenadine drug block of zkcnh6a were reduced compared to those with

hKCNH2a. The impact of these differences was assessed by measuring the effect of each
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compound on zkcnh6a or hKCNH2a current during an action potential waveform. We
found that the blockers dofetilide and terfenadine reduced zkcnh6a and hKCNH2a current
during an action potential waveform to the same extent. When examining hKNCH2a
activator compounds, we found that type 1 and type 2 hKCNHZ2a activator compounds
enhanced zkcnh6a channel currents. The effect size, or potency, of an activator on the
specific gating parameter measured was in some cases enhanced in zkcnh6a channels
compared with hKCNH2a channels (e.g. NS1643 and RPR260243) and the ECsp values for
all activators tested showed a trend to be higher in zkcnh6a compared with hKCNH2a.
zkcnh6a and hKCNHZ2a current during an action potential waveform was again used to
assess the overall significance of these gating alterations. We found that NS1643
enhanced zkcnh6a current during an action potential waveform to the same extent that
hKCNH2a current was enhanced, while RPR260243 and PD-118057 had a greater
enhancing effect on zkcnh6a than hKCNH2a currents during an action potential
waveform. This may be due to a faster initial deactivation rate and a more negative initial
voltage-dependence of inactivation in zkcnh6a channels than hKCNH2a channels that
allow for a larger effect size of the action of RPR260243 (which slows deactivation) and
PD-118057 (which right-shifts the voltage-dependence of inactivation), respectively.
Overall, these data lead us to suggest that zkcnh6a and hKCNH2a respond similarly to the
blockers tested, and that the effect of activators may be similar or enhanced in zkcnh6a
channels compared with hKCNH2a channels depending on their mechanism of action.
Given that channel biophysical properties and the action potential morphology may be
different under physiological temperatures in zebrafish and human, further studies
evaluating drug binding under these conditions would be valuable in assessing the utility
of the zebrafish heart translational model.

Using optical mapping of zebrafish whole-hearts we examined the effects of
hKCNH2a-modifying compounds at the adult zebrafish whole organ level at physiological
temperature. Our selected hKCNH2a activator compounds have well characterized
mechanisms of action (6, 12, 13, 17, 20, 21, 29, 36, 38, 39, 55, 57) and have been shown
to lead to abbreviation of the APD (12, 17, 20, 57). We found that both RPR260243 and
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PD-118057 caused abbreviation of the action potential duration. Both activators
abbreviated APD7s (representative of the repolarization phase) without significant
alteration to early phases of the action potential (assessed by changes to APD3s). These
abbreviations are likely to be zkcnh6a-mediated given the prominent role of Ik in
zebrafish ventricular repolarization (1, 18, 24, 34). This is consistent with APD shortening
observed in other models as a direct result of activator-induced gain of function of
hKCNH2a channels. For example, PD-118057 and RPR260243 both shorten APD in guinea
pig cardiomyocytes following dofetilide-induced APD prolongation (20, 57). Interestingly,
although NS1643 shortened APD in a manner that could be reversed by E-4031 (17), and
also prevented triggered activity in hypokalemic Langendorff perfused murine hearts
(21), we did not observe APD shortening in the presence of NS1643. The NS1643 hKCNH2a
activator did however alter the morphology of the plateau and reduce the APD,s (Fig. 6
A, B). In zebrafish, both Ica and Icar contribute to the plateau phase of the action potential
and have a relatively larger current density when compared to /cq in the human heart
(56). Evidence from canine cardiomyocytes suggests that /¢ is inhibited by NS1643 with
a higher potency and a greater sensitivity (ECso of 2.9 + 0.4 uM; (46) than activation of I,
in the zebrafish heart. Thus, a larger Ica. that is inhibited by NS1643 could account for the
action potential morphology changes we observed.

The hKCNH2 blockers tested, dofetilide and terfenadine, prolonged APD as
anticipated. Interestingly, both drugs prolonged APD7s and APD3s suggesting that zkcnh6a
channels contribute to repolarization throughout much of the AP. Our findings of
impaired repolarization are consistent with previous observations that terfenadine,
cisapride, and E-4031 block caused bradycardia in three-day-old zebrafish embryos (24),
and terfenadine produced prolongation of the QTc interval, premature ventricular
contractions, ventricular tachycardia, and AV block in isolated hearts (7). Terfenadine also
restored WT-like function in reggae mutant embryos (18), while dofetilide prolonged APD
in hearts isolated from WT zebrafish (15) and breakdance zebrafish (32).

Perspectives and Significance



16

Both electrophysiological examination of zkcnh6a channels and optical mapping
of adult zebrafish whole-hearts highlight the reliance on Ik current in zebrafish cardiac
repolarization. Despite the differences in ion channel expression (i.e., hKCNH2a versus
zkcnh6a) in human and zebrafish cardiac tissue, our data lead us to suggest that ex vivo
hearts provide an informative model for drug screening of hHKCNH2a-blocker compounds,
as well as hKCNH2a-activator compounds. The apparent reliance on zERG channels for
cardiac repolarization and effect of hERG-specific activators may afford a pre-screening
model for further evaluation in other more sophisticated translational disease models,
such as hiPSC-derived cardiomyocytes. Furthermore, our findings highlight the complexity
of pharmacological action in a whole organ physiologically relevant system and the
importance of screening blockers and activators in a whole-heart or similar complex
system. Continued expansion of our understanding of zebrafish cardiac electrophysiology
will enable the use of this translational model to study more complex cardiac physiology

and pathology.
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Figure Legends
Figure 1. Characterization of the zkcnh6a K* channel. A., D., G. Typical current traces
recorded from hKCNH2a channels (black) and zkcnh6a channels (blue) in response to the
voltage protocols shown. B. Conductance-voltage relationships calculated from peak tail
currents from hKCNH2a (n = 13) and zkcnh6a (n = 14) channels. C. Normalized peak tail
current amplitudes from hKCNH2a (n = 5) and zkcnh6a (n = 5) channels recorded during
an envelope of tails voltage protocol (inset) to measure the time course of activation.
Representative current traces from zkcnh6a are shown in the inset. E. Rectification factor
for hKCNH2a (n = 13) and zkcnh6a (n = 14) calculated from the data in D as a measure of
the voltage-dependence of inactivation. F. Weighted 1 of deactivation following a 500 ms
step to +40 mV for hKCNHZ2a (n = 13) and zkcnh6a (n = 14). Representative tail current
traces at -110 mV are shown for hKCNH2a (black) and zkcnhé6a (blue) in the inset. G.
Typical currents in response to an action potential protocol show that the characteristic
morphology of hKCNHZ2a action potential current is well preserved in the current from
zkcnh6a. H. Representative plot of the current voltage relationship in response to an
action potential protocol. The box and whisker plot represents the voltage of peak
normalized current of hKCNH2a (n = 26) and zkcnh6a (n = 28). Asterisks (*) denote a
statistically significant difference between hKCNH2a and zkcnh6a (p < 0.05, two-tailed

independent t-test) and error bars represent + SE.

Figure 2. Effect of hKCNH2a channel blockers on zkcnh6a channels. A. Concentration-
response relationship for the blocker action of dofetilide (left) and terfenadine (right) on
hKCNH2a (black) and zkcnh6a (blue) channels (n = 5-9). Concentration-response data
were fitted with the Hill equation (see Material and Methods). Asterisks (*) denote a
statistically significant difference in the 1Cso concentration between hKCNH2a and

zkcnh6a (p < 0.05, two-tailed independent t-test) and error bars represent + SE.

Figure 3. Effects of type 2 hKCNH2a channel activators on zkcnh6a channel. A. Typical

current traces recorded from hKCNHZ2a and zkcnh6a channels before and after NS1643
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(30 uM) treatment. B. Effect of NS1643 on peak tail current. Concentration-response data
were fitted with the Hill equation (see Material and Methods) for hKCNH2a (n = 5-6) and
zkcnh6a (n = 5-7) C. Fully-activated current-voltage relationships following a 500 ms
depolarizing step to +40 mV before and after treatment of hHKCNH2a channels or zkcnh6a
channels with 10 uM PD-118057. Fully activated I-V relationships were normalized to
peak outward control tail current (left) and voltage-dependence of inactivation
determined from rectification of the fully activated |-V relationships (right) (43) from
hKCNH2a (n = 6) and zkcnh6a (n = 6) channels before and after PD-118057 (10 uM)
treatment. D. Effect of PD-118057 on peak tail current (hKCNH2a: black, n = 5-6; zkcnhé6a:
blue, n = 5-6) and change in Vi, of inactivation (hKCNHZ2a: grey, n = 5-6; zkcnhé6a: light
blue, n = 5-6). As in B, EC values were derived from the fit to the mean data. Error bars

represent + SE.

Figure 4. Effects of a type 1 hKCNH2a channel activator on zkcnh6a channels. A. Typical
current traces recorded from hKCNH2a and zkcnh6a channels before and after
RPR260243 (10 uM) treatment. A 500 ms depolarizing pulse to +60 mV was used to
activate channels and this was followed by a 10 s pulse to -60 mV to elicit tail currents. B.
Concentration-response relationships of RPR260243 with hKCNH2a (n = 3-6) and zkcnh6a
(n = 3-5). Concentration-response data were fitted with the Hill equation (see Material
and Methods). EC values reflect the fit to the mean data as in Fig. 3. The effect of
RPR260243 on deactivation was quantified by the integral of /il drug/Itail control (integral ltair)

at -60 mV during a 10 s pulse. Error bars represent + SE.

Figure 5. zkcnh6a current in response to a ventricular action potential voltage
waveform. A. Typical action potential current traces recorded before and after treatment
with dofetilide (a hKCNH2a channel blocker: red) or NS1643 (a hKCNH2a channel
activator: green). B. Plot of fold change in hKCNH2a (n =5, 5, 4, 6, 6) and zkcnh6a (n =5,
5,6, 6, 6) peak current from control (absence of drug) following treatment with hKCNH2a

channel blockers (dofetilide: 5 uM; terfenadine: 5 uM) and activators (NS6143: 30 uM;
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PD-118057: 10 uM; RPR260243: 10 uM). Asterisks (*) denote a statistically significant
difference in the fold change between hKCNH2a and zkcnh6a (p < 0.05, two-tailed
independent t-test). C. zkcnh6a homology model (blue) showing from the S4 segment to
the CNBHD overlaid on the hKCNH2a cryo-EM structure (grey) (51). D. Sequence
alignment of the S5 segment, pore helix, S6 segment, C-linker and aA helix of the CNBHD
(labelled as CNBHD) of hKCNH2a and zkcnh6a channels. Circles highlight residues involved
in the agonist action of the hKCNH2a channel activators NS1643 (purple), PD-118057

(teal), and RPR260243 (olive) (42) and boxes highlight non conserved residues.

Figure 6. Optically recorded action potentials from paced adult zebrafish whole-hearts
treated with hKCNH2a channel blockers and activators. A. Mean ventricular voltage
responses (action potentials) of adult zebrafish whole-hearts paced at 120 bpm before
and after treatment with hKCNH2a channel blockers or activators. Control averages are
shown in black. hKCNH2a channel blocker averages are shown in red (top: 50 nM
dofetilide, n = 6; bottom: 200 nM terfenadine, n = 5), and hKCNH2a channel activator
averages are shown in green (top: 20 uM NS1643, n = 4; middle: 40 uM PD-118057, n =
6; bottom: 30 uM RPR260243, n = 5). B. Mean APD7s before and after treatment with
hKCNH2a channel blockers or activators (n = 4-6). C. Change in APD (AAPD7s closed circles;
AAPD3s open circles) following treatment with hKCNH2a channel blockers or activators (n
=4-6). Asterisks (*) denote a statistically significant difference in APD7s and double barred
crosses (*) denote a statistically significant difference in APD2s following drug treatment
compared to control (p < 0.05, two-tailed one-way repeated measures ANOVA). Error bars

represent £ SE.





