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Abstract

Background—Rapid delayed rectifier K* current (lk,) and late Na* current (Ing ) significantly
shape the cardiac action potential (AP). Changes in their magnitudes can cause either long or short
QT syndromes (LQT, SQT) associated with malignant ventricular arrhythmias and sudden cardiac
death.

Methods—Physiological self AP-clamp was used to measure lyg and Ik, during the AP in
rabbit and porcine ventricular cardiomyocytes in order to test our hypothesis that the balance
between Ik, and g affects repolarization stability in health and disease conditions.

Results—We found comparable amount of net charge carried by Ik, and Iyg_ during the
physiological AP suggesting that outward K* current via Iy, and inward Na* current via ly,_ are
in balance during physiological repolarization. Remarkably, Ik, and Iy integrals in each control
myocyte were highly correlated in both healthy rabbit and pig myocytes, despite high overall cell-
to-cell variability. This close correlation was lost in heart failure myocytes from both species.
Pretreatment with E-4031 to block Ik, (mimicking LQT2) or with ATX-II to impair Na* channel
inactivation (mimicking LQT3) prolonged APD; however, using GS-967 to inhibit Iys_
sufficiently restored APD to control in both cases. Importantly, Iya. inhibition significantly
reduced the beat-to-beat and short-term variabilities of APD. Moreover, Ing inhibition also
restored APD and repolarization stability in heart failure. Conversely, pretreatment with GS-967
shortened APD (mimicking SQT), and E-4031 reverted APD shortening. Furthermore, the
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amplitude of AP alternans occurring at high pacing frequency was decreased by Ing inhibition,
increased by Ik, inhibition, and restored by combined Iy, and Ik, inhibitions.

Conclusions—Our data demonstrate that Ik, and Iy are counterbalancing currents during the
physiological ventricular AP and their integrals co-vary in individual myocytes. Targeting these
ionic currents to normalize their balance may have significant therapeutic potential in heart
diseases with repolarization abnormalities.
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Introduction

The shape of the cardiac action potential (AP) is determined by an integrative process
between various depolarizing and repolarizing ionic currents. Pathological alterations in
their balance may result in either prolongation or shortening of AP duration (APD)
manifested as long or short QT interval in the electrocardiogram.! The rapid delayed
rectifier K* current (Ik,) and the late Na* current (Inq ) significantly affect AP
repolarization, thus contributing to regulation of the APD.2 Accordingly, both reduced I,
and increased Ipg are known to cause long QT syndrome (LQT2 and LQTS3, respectively), a
clinical condition associated with increased risk for torsades de pointes-type ventricular
tachycardia.2 On the contrary, gain-of-function mutations in hERG (Ky11.1 channel,
increased lk,) and loss-of-function mutations in SCN5A (Nay/1.5 channels, decreased Ip;)
can lead to short QT syndrome (SQT) and Brugada syndrome (BrS).34

Cellular electrophysiological®® and modeling studies’-8 demonstrate that both I, and Ina.
are activated during phase 3 of the ventricular AP and it has been proposed that Iy, and Ing
may counterbalance each other during physiological repolarization.”9-11 Although this

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 April 01.
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concept has not been systematically tested yet and supporting experimental data are sparse.
Moreover, APD and plateau height are critical determinants of Ik, and Iy, densities and net
charges under the AP.> Consequently, APD prolongation may facilitate I, and Ina.
accumulation during the AP, whereas Ik, and Iy, can be reduced when APD is shortened.
Therefore, we aimed to compare the impact of Ik, and Iy, on ventricular repolarization in
health and disease. Clinical findings also support such concept, because treatments with
mexiletine,12:13 ranolazinel# and hydroquinidine,116 which may restore the balance
between Ik, and I can be beneficial in selected LQT, SQT and BrS patients. We
hypothesized that the Ix,/Ina. balance, as previously proposed,’9-11 is a critical determinant
of APD and targeting this balance may represent a novel antiarrhythmic strategy.

We systematically measured APs and ionic currents in rabbit and porcine ventricular
cardiomyocytes using physiological self AP-clamp techniquel’ in control, in
pharmacologically-induced APD prolongation and shortening (modeling LQT and SQT),
and in congestive heart failure (HF) induced by combined pressure/volume overload in
rabbits!® and by chronic myocardial infarction (MI) in pigs.8 We also tested the relative
contributions of Ik, and Ing to the stability of APD in health and disease, because the
increased beat-to-beat and short-term variabilities of APD can be better predictors of cardiac
arrhythmias than the steady-state APD alone.1® The mechanistic understanding of the
relationship between Ik, and Ing. to set repolarization stability in cardiac health and disease
may lead to more rational drug therapies.

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

All animal handling and laboratory procedures were in accordance with the approved
protocols (#20867 and #21137) of the local Institutional Animal Care and Use Committee
conforming to the Guide for the Care and Use of Laboratory Animals published by the US
National Institute of Health (8th edition, 2011). Chemicals and reagents were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA) if not specified otherwise. GS-967 was
obtained from Gilead Sciences, Inc. (Foster City, CA, USA) and E-4031 was from Tocris
Bioscience (Bristol, UK).

Animal models and cell isolation

Ventricular cardiomyocytes were isolated from 20 New Zealand White rabbits (male, 4-
month-old) using a standard enzymatic technique with collagenase type Il (Worthington
Biochemical Co., Lakewood, NJ, USA) and protease type XIV (Sigma-Aldrich) as
previously described.20

HF was induced in New Zealand White rabbits (male, 4-month-old) by aortic insufficiency
and 4 weeks later by aortic constriction as previously described.1821.22 Data here reported
was obtained from 6 HF and 4 age-matched control (AM) rabbits. HF progression was
monitored periodically by echocardiography. Cardiomyocytes were isolated from rabbits at
2-2.5 years of age when left ventricular end-systolic dimension exceeded 1.45 cm (detailed

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 April 01.
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morphometric and echocardiography data are shown in Table I in the Data Supplement).18
Cardiomyocytes isolated from healthy AM rabbits were used in control experiments.

Yucatan mini-pigs (male, 4- to 6-month-old) were subjected to microbead embolization of
the first diagonal branch of the left anterior descending coronary artery, which caused
transmural MI and progressive reduction in ejection fraction over 5 months (from the pre-
operative 68.1+3.9% to 44.2+4.9%, N=6 animals, A<0.01), providing a clinically relevant
large animal ischemic cardiomyopathy model as previously described. Cardiomyocytes
were isolated from the remote zone of the infarct (>2 cm from the infarcted region) 5 months
post-Ml. As control, cardiomyocytes were isolated from the same region of the heart of 4
healthy, age-matched sham control mini-pigs.

Electrophysiology

Recordings were performed in isolated ventricular cardiomyocytes using whole-cell patch-
clamp with physiological solutions at 36+0.1°C (for ionic composition, see Data
Supplement). APs were evoked in current-clamp experiments where cells were stimulated
with short suprathreshold depolarizing pulses at 1 to 5 Hz pacing frequencies delivered via
the patch pipette. Fifty consecutive APs were recorded to examine the average behavior at
each pacing frequency. Short-term variability (STV) of AP duration measured at 90% of
repolarization (APDgg) was calculated according to the following formula:

STV=3( | APD;+~APD; | )[(Mbears ~1)xV2], where APD;and APD,; indicate the A1 and (/
+1)1 APDgq values, respectively, and r,eats denotes the number of consecutive beats
analyzed.23 Changes in STV are presented as Poincaré plots, where 50 consecutive APDgj
values are plotted, each against the previous APDgq. To analyze further the variability of
repolarization, the difference between consecutive APDg values were grouped in
milliseconds ranges and the overall probability of their appearance was calculated in each
cell. Then these data were plotted in cumulative distribution curves to illustrate the changes
in beat-to-beat variability of APDg.24

lonic currents during the AP were measured using self AP-clamp (at 2 Hz pacing in rabbits,
and at 1 Hz in pigs) with physiological solutions, preserved [Ca2*]; cycling, and sequential
block of specific ionic currents using selective ion channel inhibitors (Table Il in the Data
Supplement), as previously described.®17 A representative example is shown in Figure 1.
E-4031 (1 pmol/L) and GS-967 (1 umol/L) have been used to inhibit Ik, and Inar,
respectively.

Statistical analysis

Data are expressed as Mean+SEM. The number of cells in each experimental group was
reported as n/N=number of cells/number of animals. Statistical significance of differences
was evaluated using paired Student #test or ANOVA with Bonferroni posttest as appropriate.
Differences were deemed significant if £<0.05.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 April 01.
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Results

Profile of the major ionic currents under physiological AP-clamp

In order to assess the potential impact of I, and Ina On AP repolarization, first we recorded
the major depolarizing and repolarizing ionic currents in rabbit ventricular cardiomyocytes
under physiological self AP-clamp and sequential dissection of ionic currents using selective
ion channel inhibitors (Table 11 in the Data Supplement). Each ionic current has its
characteristic profile and magnitude during the AP shown in Figure 1. The rapid opening of
voltage-gated Na* channels generates a transient Na* current (Ing7) Which is responsible for
AP upstroke. The phase 1 repolarization of the AP is mediated by both the transient outward
K* current (ly,) and the Ca?*-activated CI~ current (Ici(ca))- During AP plateau phase, a
small sustained Ing_ and a significantly larger but more rapidly inactivating L-type Ca2*
current (I ) are the predominant inward currents (Figure 1). Phase 3 repolarization is
predominantly mediated by Ik,, and then the inward rectifier K* current (Ix1) completes
terminal repolarization (Figure 1). The slow delayed rectifier K* current (Is) and the Ca?*-
activated slow conductance (SK) K* current (Ik(ca)) are small currents under a physiological
ventricular AP in the absence of B-adrenergic stimulation. A significantly inward Na*/Ca2*
exchanger (NCX) current (Ca2* removal) is present during (and even after) terminal
repolarization. Importantly, relatively small ionic currents are flowing and balancing each
other during the plateau phase of the AP. Two key ionic currents, Ik, and Ing_ achieve their
peak density during the end of the plateau phase (Figure 1) suggesting that these currents
may significantly influence APD and repolarization stability. Therefore, we focused on the
mechanistic investigation of the relationship between Ik, and Iy, during normal and
impaired repolarization.

Profile of Ik, and Ing during control, shortened and prolonged APD

We recorded Ik, and Ing during the cell’s own AP shown in Figure 2 using self AP-clamp
with physiological solutions, at 36°C and 2 Hz steady-state pacing frequency. In control, Ik,
is rapidly activated during the phase 3 repolarization of the AP achieving a peak density of
0.84+0.05 pA/pF (Figure 2A). In contrast, a persistent I, Was present throughout the
entire AP plateau; however, Iy, achieved a peak density of —0.55+0.03 pA/pF (35% less
than Ik, magnitude, A<0.001) also at the phase 3 of the AP when the driving force for Na*
entry is increased. Although Ing. rises earlier than Ik, during the AP plateau (Figure 2A),
the net charge carried by Ing versus Ik, during the AP were similar (Figure 2E and 2F inset;
0.056%0.004 versus 0.063+0.004 pC/pF, respectively; £=0.17). Even more striking is that the
integrated lyg and Ik, fluxes co-vary in individual cells, independent of APD (Figure 21 and
2J) which raises the possibility that channel expression might co-vary (see below).

In another set of experiments, cell pretreatment with Ik, inhibitor E-4031 (1 pmol/L)
prolonged APD (pharmacologically induced LQT2 model). Self AP-clamp using prolonged
APD (Figure 2B) led to increased Iy peak density (by 26%) and net charge (by 88%)
versus control (Figure 2E and 2F). Next, pretreatment of the cell with the Iyg_ inhibitor
GS-967 (1 pmol/L) shortened APD (pharmacologically induced SQT model). Self AP-clamp
using shortened APD (Figure 2C) led to reduced Ik, peak density (by 23%) and net charge
(by 47%) versus control (Figure 2E and 2F). Sea anemone toxin Il (ATX-II, 5 nmol/L) that

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 April 01.
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impairs Na* channel inactivation prolonged APD (pharmacologically induced LQT3 model)
and markedly increased Iy, under self AP-clamp (Figure 2D). ATX-II increased Iy peak
density by 148% and net charge by 268% versus control; however, the prolonged APD by
ATX-11 also led to increased Ik, peak density by 32% and net charge by 113% versus control
(Figure 2E and 2F). These acute manipulations of I, and I, and APD exemplify that in
addition to the co-varying Ik, and Ing at baseline, the acute changes in APD evoke inherent
biophysical coordination between Ik, and Ing (Figure 2G and 2H). That is, if APD is
prolonged by excess Ing., the long APD promotes more Ik, to limit APD prolongation.

Further analyzing the relationship between Ik, and Iy, , there was a more than 2-fold
variation in both I, and Ing_ magnitudes under self AP-clamp already in control cells
(Figure 21 and 2J). Peak current densities in control varied in individual myocytes between
0.62 to 1.29 pA/pF and 0.35 to 0.84 pA/pF for Ik, and Ing., respectively (Figure 21).
However, there was no correlation in control between the cells’ baseline APD measured at
90% of repolarization (APDgg) and either Ik, and Inq peak densities (Figure 2I) or total
charges (Figure 2J) under self AP-clamp. Despite the large cell-to-cell variability, Ik, and
InaL magnitudes were not randomly distributed, but instead Ik, and Iy, peak densities and
net charges were highly correlated when measured in the same cell under self AP-clamp
(Figure 2K and 2L). It also showed that similar APDgg (or APDys or APDg, Figure | in the
Data Supplement) can be generated by largely different, but matched Ik, and Ing_ densities
and net charges. These data suggest that Ik, and Ing_ might be co-regulated not only
biophysically but also in their functional expression.

Altered Ina/Ikr balance in HF

HF is known to be associated with arrhythmogenic electrophysiological remodeling
including changes in Iya and Ik, that leads to APD prolongation.8 22 We measured the
profiles of Ik, and I, in HF versus AM under the same, prerecorded, typical rabbit AP
(canonical AP-clamp; Figure 3). InaL peak density was markedly increased in HF versus
AM (—0.94+0.03 versus —0.51+0.01 pA/pF, £<0.001), whereas Ik, peak density was slightly
increased in HF versus AM (1.13+0.02 versus 0.96+0.02 pA/pF, £<0.001) under canonical
AP-clamp shown in Figure 3A through 3D. This resulted in a 58% increase of Iy, net
charge in contrast to 29% increase of Ik, net charge in HF versus AM (Figure 3C and 3D).
Therefore, the balance between Iy, and Ik, is shifted toward enhanced depolarization in
HF. Further analysis revealed that a significant correlation between I, and Ing_ magnitudes
in AM (ie, larger Ik, in those cells having larger Iya) occurs not only in self AP-clamp
(Figure 2K and 2L) but also under a canonical AP-clamp (Figure 3E and 3F). Importantly,
this correlation was lost in HF and rather an opposite tendency was found (ie, reduced Ik, is
concurrent with larger Iya ) under AP-clamp (Figure 3E and 3F), which may reflect the
altered regulation and remodeling of the channels in HF. HF is characterized by impaired
intracellular Ca* handling and Ca%*-dependent signaling including upregulation of Ca2*/
calmodulin-dependent protein kinase 11 (CaMKI1).25 Therefore, we repeated Ina. and Iy,
measurements using 10 mmol/L BAPTA in the pipette in order to buffer [CaZ*]; to
nominally zero (Figure 11 in the Data Supplement). BAPTA significantly reduced Iy, peak
density in HF (=0.72+0.03 pA/pF, £<0.001) but not in AM (Figure 3C). Moreover, BAPTA

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 7

slightly reduced Ik, in HF versus AM (0.88+0.01 pA/pF, £<0.001), whereas Ik, was not
changed by BAPTA in AM (Figure 3D).

Ikr and IngL counterbalance under control, shortened and prolonged APD

We tested the impact of Ik, and Ing_ inhibition on APD in control and disease models. The
Ikr inhibitor E-4031 (1 umol/L) significantly prolonged APDgq in healthy rabbit ventricular
cardiomyocytes (245.1+5.8 versus 201.0+£5.1 ms, £<0.001) shown in Figure 4A. E-4031
affected the phase 3 repolarization (Figure 4E) of the AP by increasing the plateau potential
measured at 75% of APDgg (Plateaus) and decreasing the maximal rate of repolarization
(—=dV/dtmax). Application of the Injg inhibitor GS-967 (1 umol/L) in the E-4031 pretreated
cells shortened APDgq back to control (199.7+6.6 ms, P=0.58) by increasing —dV/dtmax
(Figure 4A and 4E). Next, reversing the order of the treatments, Iy inhibition using
GS-967 significantly shortened APDgq in control (177.3+5.1 versus 206.9+2.6 ms, A<0.001)
shown in Figure 4B. GS-967 slightly depressed AP plateau potentials and accelerated phase
3 (Figure 4B and 4F). However, inhibiting Ik, following GS-967 treatment restored APDgq
again to control (209.0+4.0 ms, P=0.66 versus control).

In another cellular model of long QT, ATX-II (5 nmol/L) treatment was used to enhance
InaL and significantly prolong APDgg (265.1+8.9 vs. 201.5+3.2 ms, A<0.001) shown in
Figure 4C. ATX-II increased Plateauss as expected, but interestingly, ATX-11 also
accelerated the rate of repolarization (Figure 4G) in line with Ik, accumulation under the
elevated AP plateau and prolonged APD. Iy, inhibitor GS-967 at a concentration of 100
nmol/L significantly shortened APDgq following ATX-I1 treatment (222.4+6.7 ms, A<0.01
versus ATX-1I only), whereas a higher concentration of GS-967 (1 umol/L) abolished the
ATX-11 induced APDg prolongation (189.6+5.8 ms, £=0.07 versus control) and reduced
Plateaus to control (Figure 4G). Iy Was also enhanced in HF (Figure 3) and APDgg was
prolonged in HF versus AM (253.1+£18.5 versus 202.4+5.8 ms, £<0.05) shown in Figure 4D.
Importantly, the Iy, inhibitor GS-967 (1 pmol/L) shortened APDgg in HF back to control
(215.9416.6 ms, ~>0.05 versus control) and increased —dV/dtmax (Figure 4H).

Impact of Ix, and Iyg On repolarization stability

Next, we tested the contribution of Ik, and Iy, to the temporal dispersion of APD to assess
repolarization stability. Ik, inhibition (E-4031, 1 umol/L) significantly increased the short-
term variability (STV) of APDgq (3.6£0.4 versus 2.5+0.1 ms, A<0.001), whereas Ina.
inhibition (GS-967, 1 umol/L) significantly decreased STV (1.6+0.1 versus 2.6+0.2 ms,
£<0.001) shown in Figure 5A and 5B in line with their effect on averaged APDg (Figure 4).
However, combined Ik +Ina inhibition reduced STV below control (1.9+£0.2 ms, A<0.001),
despite the unchanged averaged APDgq. ATX-II robustly increased STV (5.0£0.6 versus
2.2+0.1 ms, P<0.001) shown in Figure 5C. Interestingly, partial blockade (0.1 yumol/L
GS-967) of the enhanced Ing (by ATX-11) reduced STV to control (2.6+£0.3 ms, ~>0.05
versus control), while APDgq was still significantly prolonged (compare Figures 5C and 4C).
Moreover, higher concentration of GS-967 (1 pmol/L) decreased STV below control
(1.7£0.2 ms, A<0.05 versus control) even in the presence of ATX-II (Figure 5C). STV was
also markedly increased in HF versus AM (4.4+0.5 versus 2.6+0.3 ms, £<0.05) and
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importantly Iyg. inhibition restored not only APDgg but also STV to control (2.7£0.4 ms,
P>0.05 versus AM) shown in Figure 5D.

To further analyze the beat-to-beat variability of APDgg, cumulative distribution of APDgg-
variability in consecutive beats was calculated (Figure 5E through 5H). It showed that I,
inhibition (E-4031, 1 umol/L) enhanced STV by markedly increasing the number of beats
having large differences between consecutive APDgg values (>5 and >10 ms) (shown as long
tails in the distribution curve), but the median beat-to-beat variability was similar to control
(Figure 5E). However, Ing. inhibition decreased both the median beat-to-beat variability and
markedly reduced the number of APs having large differences in APDgq values in
consecutive beats (Figure 5F). In agreement with this role of Iy, , ATX-II treatment
significantly increased both the median and large APDgg beat-to-beat variabilities in
consecutive beats, which were then reverted by GS-967 (Figure 5G). Similarly, significantly
enhanced beat-to-beat APDgg-variability was found in HF just as in ATX-11, and Ina.
inhibition significantly reduced beat-to-beat repolarization variability in HF (Figure 5H).

Frequency-dependence of lx, and Iyg_ inhibition

We also examined the frequency-dependence of Ik, and Iy, inhibition. Ik, inhibition
(E-4031, 1 pmol/L) caused a reverse-rate dependent lengthening of the APDgq (Figure 6A),
and further analysis revealed that the observed APDgq prolongation was rather dependent on
baseline APDgq (Figure 6C). Surprisingly, g inhibition (GS-967, 1 umol/L) induced more
pronounced APD shortening at higher pacing rates (Figure 6B). This positive rate-
dependence of GS-967 effect on APDgq (Figure 6D) is the opposite to that expected based
on the reduced Na* channel availability, but the use-dependent drug-binding and the
significant CaMKIlI-dependent modulation of Ing may be more important at rapid pacing
rates.

In rabbit ventricular myocytes APD alternans occurred at high pacing rates (at 5 Hz at
36°C). The amplitude of the APD alternans was increased by Ik, inhibition and decreased by
InaL inhibition (Figure 6E and 6F). Interestingly, during APD alternans only the long APDgg
but not the short APDgg was altered by either E-4031 or GS-967. Moreover, GS-967
treatment transiently abolished APD alternans, then the magnitude of the APD alternans (the
difference between long and short APDs) achieved a steady-state (in 60—90 seconds) at a
reduced level compared to control (Figure 6F). This observation may reflect changes in [Na
*1; and [Ca2*];, which require further investigation. Importantly, combined application of
E-4031 and GS-967 restored the magnitude of APD alternans at 5 Hz to control (Figure 6G
and 6H), suggesting a counterbalance between I, and Ina also at high pacing rates.

Relationship between Ik, and Iyg_ in control and ischemic HF pigs

Next, we tested whether the correlation between Ik, and Iy, is present in another large
animal model relevant to human electrophysiology. Iy, measured under physiological self
AP-clamp in control porcine ventricular myocytes was smaller (=0.33+£0.01 pA/pF), whereas
Ikr density was slightly larger (0.99+0.04 pA/pF) than those measured in rabbit (compare
Figure 7 and Figure 2). However, Iy, total charge (0.050+0.004 pC/pF) was still similar to
that measured in rabbits because of the longer APDgq (227.9£17.7 ms) in pigs (Figure 7C).
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Importantly, we found statistically significant correlation between both peak densities and
total charges of Ing and Ik, under self AP-clamp also in pigs (Figure 7E and 7F).

Chronic ischemic HF (5 months post-Ml) in pigs led to APDgg prolongation (246.1+12.9
ms) and remodeling in both Iy, and Ik, in myocytes isolated from the remote zone of the
infarct (Figure 7B). However, Iyg was only slightly increased (by 38%) in porcine ischemic
HF (Figure 7C), whereas Iy, was markedly increased (by 84%) in nonischemic (volume/
pressure-overload) rabbit HF (Figure 3C). In the same time, Ik, decreased by 13% in porcine
ischemic HF (Figure 7D) as opposed to 18% increase in nonischemic rabbit HF (Figure 3D).
These results suggest a differential remodeling between ischemic versus nonischemic HF in
the two species. However, the significant correlation between Ik, and I, was absent in
both HF models.

Discussion

Contribution of Ik, and Ing. to AP morphology

Imbalance between depolarizing and repolarizing currents results in abnormal AP
morphology and APD changes in cardiac myocytes that manifests as altered QT interval on
the electrocardiogram. Our data demonstrate that I, and Iy, are not only major
determinants of APD, but they counterbalance each other during the physiological AP of
rabbit ventricular cardiomyocytes (Figures 2 and 4). Importantly, Ik, and Iy peak densities
and peak charges measured in the same cell significantly correlated with each other (but not
with the baseline APD) both in rabbit (Figure 2) and porcine cardiomyocytes (Figure 7)
despite more than 2-fold cell-to-cell variability in their magnitudes in control. Moreover, the
significant statistical correlation between Ik, and Ing_ was still present using a canonical
AP-clamp (i.e., same voltage profile; Figure 3) in line with the recently demonstrated
coupled transcription and functional expression of Nay1.5 and hERG.26 Furthermore, if one
of these currents is either reduced or enhanced leading to impaired AP repolarization,
compensatory changes in the other current — dictated by the altered APD and plateau
voltages — will affect the outcome on APDgg and repolarization stability (Figure 2). The
counterbalance between Ik, and Ing 0n AP repolarization may have significant clinical
implications and the Ik,/Ina balance may represent an important antiarrhythmic target.

Ik is considered a major repolarizing current affecting APD and repolarization stability?” in
ventricular cardiomyocytes of larger mammals including human.2 However, the strong
statistical correlation between the net charges of Ik, and Ing (in rabbits, Figure 2L; in pigs,
Figure 7F) as well as the opposing impact of these currents on APD (Figure 4) and
repolarization stability (Figure 5) are striking yet not completely unexpected findings, as
previously reviewed.? Most previous studies measured a smaller Iy, of ~—0.3 pA/pF at —20
mV in both human,28 canine,2® and rabbit3 ventricular myocytes under conventional square
voltage pulses and in the presence of strong intracellular Ca2* buffers to eliminate [Ca2*];
transient. However, CaMKII has been previously demonstrated to significantly upregulate
Inar .29 3132 This physiological CaMKI1-dependent upregulation of Iy, might have been
missed in earlier biophysical studies, but our more physiological conditions to measure Ing
(with preserved Ca2* transient and CaMKI| activation under the AP) was able to reveal the
true magnitude of the current.>33 We found a smaller Iy peak density under self AP-clamp
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in porcine rabbit ventricular myocytes (Figure 7) than in rabbit; however, Ina net charge
was similar to that in rabbit because of the longer APD in pigs. Previous studies used
tetrodotoxin (TTX) almost exclusively to measure Iy raising a dilemma. Cardiac Na*
channels (predominantly Nay/1.5) are insensitive to TTX with an 1Csq of 1 to 2 umol/L.34:35
Thus higher concentrations of TTX (10 to 30 umol/L) are needed to achieve complete Na*
channel inhibition in cardiomyocytes which may have off-target effect on L-type Ca2*
channels.3® The other option is to use lower concentrations of TTX, but in this case the
magnitude of Iy, will be underestimated. Hence we used GS-967 which does not have such
off-target effect and exhibits higher selectivity for Ing over InaT.30:33

The positive rate-dependence of GS-967 effect on APDg (Figure 6) is a conflicting finding
with previous reports showing smaller Iy, at higher frequency stimulation.1! Possible
explanations may include the state-dependent binding of GS-967 to the Na* channels3” and
significant CaMKI1-dependent modulation of Iy, at rapid pacing rates.33 Interestingly,
ranolazine also caused more pronounced QT shortening at rapid heart rates than during
bradycardia in LQT3 patients.14 The underlying mechanisms require further investigation.
On the contrary, Ik, inhibition showed a well-known reverse-rate dependent effect on APDgg
as it followed the frequency-dependent changes in baseline APDgq (Figure 6), which is
characteristic to the myocardium.38

Our AP-clamp data revealed that Ing activates earlier than Ik, during the AP (Figure 2),
thus a significant Iy, can be measured already under the mid-plateau phase of the AP
where small depolarizing and repolarizing currents delicately balance each other.® This
feature can be accountable for the strong influence of Iy, inhibition on APDgg and
repolarization stability despite the small Iy, amplitude in accordance with modeling data.
7.8 Moreover, I, inhibition may also decrease intracellular Na* and Ca?* load that has
been shown to occur under a prolonged APD,3° during tachypacing-induced APD
alternans®® and in HF.41

Remodeling of Ik, and Ing is frequently reported in HF,18:22:42 which introduces a shift in
Ik/InaL balance and significantly contribute to the increased arrhythmia risk. We found
enhanced Ing. in both rabbit nonischemic HF (Figure 3) and porcine ischemic HF (Figure
7); however, Ing Upregulation was more pronounced in the nonischemic model. Ik, was
slightly altered in HF in line with previous studies.#? 1, was downregulated in porcine
ischemic HF (Figure 7), whereas a Ca2*-dependent Ik, upregulation was found in rabbit
nonischemic HF (Figure 3). The mechanism of differential ion channel remodeling in
ischemic versus nonischemic HF has not been elucidated yet.

Clinical and preclinical findings supporting the importance of Ik,/Ing. balance

Targeting the balance between Ik, and Ing may have significant therapeutic potential in QT
abnormalities caused by either genetic or acquired conditions affecting these ion channels.
Accordingly, mexiletine treatment was found to be effective in reducing the dispersion of
repolarization and preventing torsades de pointes ventricular tachycardia in both LQT2 and
LQT3 models.12 Similarly, 1k, inhibition in short QT syndrome represents a potential
therapeutic approach to normalize the duration of repolarization; however, the mutant
channels may express differential sensitivity for inhibitors.43 Importantly, several
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antiarrhythmic drugs successfully used in clinic including amiodarone,** ranolazine, >
flecainide and quinidine?8 inhibit both I, and Ing. . These drugs, previously thought to have
off-target effects, may finetune the ratio between Ik, /Ing block to exert antiarrhythmic
effects. Understanding the importance of the counterbalancing effect of Ik, and Iy, the
ratio between Iy, /Ina. block need to be considered when choosing an appropriate drug to
treat a specific clinical condition.

Our experimental results confirm the predictions of a quantitative computational model4’
showing that selective lng_ inhibition has beneficial effects on several factors considered to
be proarrhythmic in LQT as Iy, inhibition suppressed APD prolongation (Figure 4), beat-
to-beat repolarization instability (Figure 5) and APD alternans (Figure 6). These results are
in accordance with the effective suppression of re-entrant and multifocal ventricular
fibrillation by Iy, inhibition.48

When the repolarization is compromised, it may impair [Na*]; and [Ca2*]; homeostasis
leading to CaMKI| activation and generation of reactive oxygen species, which then
feedback on ion channels forming a vicious cycle.#:50 It is particularly true for HF, which is
characterized by reduced repolarization reserve, increased Iy, and enhanced CaMKI|I-
mediated SR CaZ* leak, all of them significantly increase the risk of arrhythmias.18:21.22.25
Therefore, breaking the detrimental positive feedback loop can have a large benefit
especially in HF, but also in LQT. Accordingly, inhibitors of CaMKII and Iy, were found
advantageous in numerous preclinical studies, but the confirmation of this concept in clinical
trials is still yet to come.10:50

Clinical and preclinical findings limiting the importance of Ik,/Ing. balance

Despite the strong coupling between Ik, and Iy, under physiological AP repolarization, we
found the timing of these ionic currents during AP shows major differences. Our AP-clamp
data indicate that Ing_ has more influence on mid-plateau potentials and Ik, predominantly
affects phase 3 repolarization rate (Figures 2 and 4). These differences may explain (1) the
differential susceptibility to EAD formation in LQT2 and LQT3 models®1°2 and (2) the
large differences in the clinical manifestations of LQT2 and LQT3.12 Moreover, the
magnitude of both Ik, and Iy, significantly varies across species and exhibits significant
spatial difference between cardiac regions.10:53

Ikr/InaL balance may also vary at different heart rates. Ik, has activation and deactivation
time constants of ~100 to 200 ms and more rapid kinetics of inactivation and recovery from
inactivation in rabbit and human ventricular cardiomyocytes, thus I, may accumulate at
rapid heart rates.?3 Iy, inactivation time constant is ~600 ms and Iy Was reported to
decrease with shorter diastolic intervals.11 LQT2 and LQT3 (but not LQT1) patients have
generally higher risk of arrhythmias at slower heart rates; however, in carriers of specific
mutations (eg, S1904L in SCN5A encoding Nay/1.5) arrhythmia is more frequent at rapid
heart rates.2 Moreover, Iz Was shown to be involved in reverse-rate dependence of Iy,
inhibition on APD!! that can be proarrhythmic in patients treated with I, inhibiting drugs
or carrying LQT2 mutations.
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Nonetheless, cardiac arrhythmias are frequently triggered by increased sympathetic activity
in LQT patients,2:2 which may shift the balance between inward and outward ionic currents
including not only g and s, %5 but also Iy, and lk,.>® p-adrenergic agonist
isoproterenol significantly enhances Iy via both protein kinase A and CaMKII-dependent
mechanisms.33 On the contrary Ik, response to isoproterenol is variable between
preparations and may involve regulation via protein kinase A and protein kinase C.18
Although similar ECsq values of isoproterenol (~10 nmol/L) was found to activate In,_ and
Ikr, the maximal responses were largely different (2.4- versus 1.1- to 1.3-fold increases for
InaL and l,, respectively),18:22:57 indicating that Iy,/Ina. balance is shifted during -
adrenergic stimulation. This may partially explain why B blockers are still the preferred
treatment in LQT patients as they significantly reduce the risk of arrhythmias.2

Perspectives

It has been previously shown that Nay/1.5 and K;;2.1 exhibit coordinated expression and they
traffic together from trans-Golgi to sarcolemma to control excitability, %8 whereas such
coordination between Nay/1.5 and hERG may control repolarization stability in the heart,
suggested recently by the coupled transcription and correlation of Nay/1.5 and hERG surface
expression levels.26 The quantitative correlation we see between mean Iy, and Ina. during
the AP could reflect this type of transcriptional co-regulation, but may be, in part, a
manifestation of inherent voltage-dependent feedback between the channels during AP
plateau voltages. However, the remarkable Inga-Ik correlation within individual cells
(where cells with the same APD can have in parallel much higher Ing and lk,) makes the
transcriptional co-regulation an attractive hypothesis for future work. Future studies are
needed to reveal the exact contribution of Iy, and Ik, to Na™ and Ca2* homeostasis under
pathological conditions affecting AP repolarization because Ca2* handling abnormalities
further increase repolarization instability®%:60 and trigger arrhythmias in the intact heart.62
Patient-specific human-induced pluripotent stem cell-derived cardiomyocytes can also
provide important information on the different LQT phenotypes and their pharmacological
modulation.52 Further in vivo arrhythmia tests in large animal LQT, SQT and HF models
which exhibit human-like repolarization reserve®? are necessary to assess the therapeutic
potential of targeting the Ik,/Ing. balance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms:

APD Action potential duration

ATX-11 Sea anemone toxin |1

BrS Brugada syndrome

CaMKIllI Ca?*/calmodulin-dependent protein kinase 1
—dV/dtmax Maximal rate of repolarization
lkr Rapid delayed rectifier K* current
INaL Late Na* current

INaT Transient Na* current

LQT Long QT syndrome

SQT Short QT syndrome

STV Short-term variability of APD
TTX Tetrodotoxin
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What is Known

. Delayed rectifier K* current (I, hERG channels) and late Na* current (Inap,
predominantly Nay/1.5 channels) are significant contributors to ventricular
action potential duration.

. Changes in Ik, and Iy magnitudes cause repolarization abnormalities such
as long and short QT syndromes with increased risk of cardiac arrhythmias.

What the Study Adds

. Ikr and Ing. are in balance under the ventricular action potential and their
magnitude significantly correlate among cardiomyocytes to control action
potential duration and its temporal variability (beat-to-beat variations and
tachypacing-induced alternans).

. Rebalancing Ik, and Iy, in disease (LQT2 and LQTS3, short QT) can
effectively normalize repolarization.

. Ik and Iy, are remodeled in ischemic and non-ischemic heart failure, their
correlation is lost, and their balance is altered leading to impaired
repolarization.
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Figure 1.

Profile of the major ionic currents in rabbit ventricular cardiomyocytes under physiological
action potential (AP)-clamp. A, Self AP-clamp technique to measure ionic currents under
physiological AP. First, recording the cell’s own steady-state AP, then using this AP as
voltage command a pre-drug control or reference current (1) is obtained. Next, when a drug
is applied (eg, E-4031), a compensation current (2) is recorded specific to the drug action.
The drug-sensitive current (3) is obtained as the difference current (ie, subtracting the
compensation current from the reference current). B, Representative traces of major ionic
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currents in rabbit ventricular cardiomyocytes under physiological AP-clamp. lonic currents
were measured as drug-sensitive currents. Cells were paced at 2 Hz steady-state frequency at
36°C. Transient outward K* current (ly,) and calcium-activated CI- current (Icj(ca)) were
measured as 4-aminopyridine and CaCCinh-A01-sensitive currents, respectively. Rapid
delayed rectifier K* current (Ik,), slow delayed rectifier K* current (Ixs), inward rectifier K*
current (Ix1), and small conductance Ca2*-activated K* current (I(ca)) Were measured as
E-4031, HMR-1556, Ba2*, and apamin-sensitive currents, respectively. Late Na* current
(InaL), transient Na* current (Ina1), Nat/Ca2* exchange current (Incx), and L-type Ca2*
current (I ) were measured as GS-967, tetrodotoxin, ORM-10962, and nifedipine-
sensitive currents, respectively. The peak of IngT is out of range.
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Figure 2.

Correlation between I, and Ing under self action potential (AP)-clamp. A, Ik and Ina
under self AP-clamp in control rabbit ventricular cardiomyocytes. Iy and Ik, were
measured as 1 pmol/L GS-967 and 1 pmol/L E-4031-sensitive currents, respectively. Cells
were paced at 2 Hz. B, Iy, under a prolonged APD following Ik, inhibition (E-4031
pretreatment). C, Ik, under a shortened APD following Iy, inhibition (GS-967
pretreatment). D, Ina. and Ik, under a prolonged APD following ATX-I1 (5 nmol/L)
treatment to modulate Na* channel inactivation. E and F, Ik, and Iy, densities in control,
and following pretreatment with either E-4031, GS-967, or ATX-II. Inset shows the net
charge carried by Ing and Ik, under self AP-clamp. G and H, Correlation between APD and
Ikr or InaL peak densities and net charges measured in control and following pretreatment
with either E-4031, GS-967, or ATX-II. | and J, No correlation between APD and Ik, or
InaL peak densities and net charges in individual control cells under self AP-clamp. K and
L, Correlation between Iy, and Ing peak densities and net charges obtained in each control
cell under self AP-clamp. Dashed lines represent the fitted linear regression curves. Mean
+SEM is shown. r/N refers to cells/animals measured in each group. ANOVA with
Bonferroni posttest. A/S, not significant (P>0.05), */<0.05, **/<0.01, ***A<0.001.
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Heart failure shifts the balance between Ik, and Iy, in rabbit ventricular cardiomyocytes. A
and B, Ik, and Inge in rabbit heart failure (HF) and age-matched control (AM) under
canonical AP-clamp. Iy and Ik, were measured as 1 umol/L GS-967 and 1 umol/L
E-4031-sensitive currents under AP-clamp, respectively. Cells were paced at 2 Hz using the
same, prerecorded AP. C and D, Ing. and Ik, densities and net charges in HF and AM
measured under physiological AP-clamp with preserved Ca?* transient (Physiol) or in the
presence of 10 mmol/L BAPTA in the pipette to eliminate Ca2* transient (BAPTA). E and F,
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Correlation between I, and Ing_ peak densities and net charges in HF and AM. Dashed
lines represent the fitted linear regression curves. Mean£SEM is shown. /N refers to cells/
animals measured in each group. ANOVA with Bonferroni posttest. NS, not significant
(P>0.05), *P<0.05, **P<0.01, ***P<0.001 versus AM-Physiol; T1~<0.01, T/<0.001 versus
HF-Physiol.
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Figure 4.
Ikr and Ingr counterbalance each other on shaping the ventricular action potential (AP). A,

InaL inhibition (GS-967, 1 umol/L) abolished AP duration (APD) prolongation induced by
Ikr blockade (E-4031, 1 umol/L). B, Ik, inhibition reverts APD shortening induced by Ina.
blockade. C, Iy, inhibition abolished AP prolongation caused by modulated Na* channel
inactivation using anemone toxin Il (ATX-II, 5 nmol/L). D, Iy inhibition abolished AP
prolongation in heart failure (HF). APDs at different phases of repolarization are shown
below the representative AP traces. Cells were paced at 2 Hz. E-H, Plateaus potential and
maximal rate of repolarization (-dV/dty,x). Mean+SEM is shown. /N refers to cells/
animals measured in each group. ANOVA with Bonferroni posttest. NS, not significant
(P>0.05), *P<0.05, **P<0.01, ***£<0.001 versus control; T/<0.05 versus HF.
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Impact of Ik, and Ia. On beat-to-beat and short-term variabilities of action potential
duration (APD). A-D, Representative AP series and Poincare plots constructed using 50
consecutive APs at steady-state 2 Hz pacing. Inset shows the short-term variability (STV) of
APD. E-H, Cumulative distribution curves of beat-to-beat changes in APD. Ik, inhibition
(E-4031, 1 umol/L), Ina enhancement (ATX-I1, 5 nmol/L) and heart failure (HF) increased
APD-variability, whereas Ing._ inhibition (GS-967, 1 umol/L) significantly reduced APD-
variability. Insets show the number of APs having more than 5 and 10 ms beat-to-beat
variability of APD. Mean+SEM is shown. 7/ refers to cells/animals measured in each
group. ANOVA with Bonferroni posttest. /S, not significant (#>0.05), *~<0.05, **/<0.01,
**%P0).001 versus control; T1/<0.01, T11/<0.001 versus HF.
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Frequency-dependent effect of I, and Ina. inhibition on action potential duration (APD). A,
Frequency-dependence of Ik, inhibition. B, Frequency-dependence of Iyg_ inhibition. C,
Frequency-dependence of the E-4031-induced change in APD. Inset shows the correlation
between the E-4031-induced change in APD and the baseline APD. D, Correlation between
the pacing rate and GS-967-induced change in APD. Dashed line represents the fitted linear
regression curve. E and F, Timing of E-4031 (1 umol/L) and GS-967 (1 pmol/L) effects on
APD alternans at 5 Hz steady-state pacing. Insets show representative APs at time points
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indicated. G and H, Representative AP series and APD alternans magnitudes. (S and L refer
to short and long APDs, respectively.) Mean+SEM is shown. /N refers to cells/animals
measured in each group. Paired Student ¢test. NS, not significant (2>0.05), **/<0.01,
***0.001.
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Figure 7.

Ikr and Inge in control and ischemic HF porcine ventricular myocytes under self action
potential (AP)-clamp. A and B, Ik, and Iyg_ in porcine ventricular cardiomyocytes under
self AP-clamp in control and ischemic heart failure (HF) induced by chronic myocardial
infarction (5-month post-Ml). Ina and Ik, were measured as 1 pmol/L GS-967 and 1
umol/L E-4031-sensitive currents under self AP-clamp, respectively. Cells were paced at 1
Hz. C and D, Iy, and Ik, densities and net charges in control and HF. E and F, Correlation
between I, and Ing peak densities and net charges under self AP-clamp. Dashed lines
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represent the fitted linear regression curves. Mean£SEM is shown. n//N refers to cells/
animals measured in each group. ANOVA with Bonferroni posttest. NS, not significant
(P>0.05), *P<0.05, **F<0.01.
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