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ORIGINAL ARTICLE

Balance Between Rapid Delayed Rectifier K+ 
Current and Late Na+ Current on Ventricular 
Repolarization
An Effective Antiarrhythmic Target?

Bence Hegyi , MD, PhD; Ye Chen-Izu, PhD; Leighton T. Izu, PhD; Sridharan Rajamani, PhD; Luiz Belardinelli, MD;  
Donald M. Bers , PhD; Tamás Bányász , MD, PhD

BACKGROUND: Rapid delayed rectifier K+ current (IKr) and late Na+ current (INaL) significantly shape the cardiac action potential 
(AP). Changes in their magnitudes can cause either long or short QT syndromes associated with malignant ventricular 
arrhythmias and sudden cardiac death.

METHODS: Physiological self AP-clamp was used to measure INaL and IKr during the AP in rabbit and porcine ventricular 
cardiomyocytes to test our hypothesis that the balance between IKr and INaL affects repolarization stability in health and 
disease conditions.

RESULTS: We found comparable amount of net charge carried by IKr and INaL during the physiological AP, suggesting that 
outward K+ current via IKr and inward Na+ current via INaL are in balance during physiological repolarization. Remarkably, IKr 
and INaL 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 IKr (mimicking long QT syndrome 2) or with sea anemone toxin II to impair Na+ channel inactivation (mimicking long 
QT syndrome 3) prolonged AP duration (APD); however, using GS-967 to inhibit INaL sufficiently restored APD to control in 
both cases. Importantly, INaL inhibition significantly reduced the beat-to-beat and short-term variabilities of APD. Moreover, 
INaL inhibition also restored APD and repolarization stability in heart failure. Conversely, pretreatment with GS-967 shortened 
APD (mimicking short QT syndrome), and E-4031 reverted APD shortening. Furthermore, the amplitude of AP alternans 
occurring at high pacing frequency was decreased by INaL inhibition, increased by IKr inhibition, and restored by combined INaL 
and IKr inhibitions.

CONCLUSIONS: Our data demonstrate that IKr and INaL are counterbalancing currents during the physiological ventricular AP and 
their integrals covary in individual myocytes. Targeting these ionic currents to normalize their balance may have significant 
therapeutic potential in heart diseases with repolarization abnormalities.

VISUAL OVERVIEW: A visual overview is available for this article.
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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 ECG.1 The 
rapid delayed rectifier K+ current (IKr) and the late Na+ 
current (INaL) significantly affect AP repolarization, thus 

 

Correspondence to: Bence Hegyi, MD, PhD, Department of Pharmacology, University of California, Davis, 451 Health Sciences Dr, Davis, CA 95616. Email bhegyi@
ucdavis.edu

The Data Supplement is available at https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.119.008130.

For Sources of Funding and Disclosures, see page 347.

© 2020 American Heart Association, Inc.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 21, 2020

https://orcid.org/0000-0003-3113-221X
https://orcid.org/0000-0002-2237-9483
https://orcid.org/0000-0003-3894-0738
mailto:bhegyi@ucdavis.edu
mailto:bhegyi@ucdavis.edu


Hegyi et al� Counterbalance Between IKr and INaL

Circ Arrhythm Electrophysiol. 2020;13:e008130. DOI: 10.1161/CIRCEP.119.008130� April 2020 337

contributing to regulation of the APD.2 Accordingly, both 
reduced IKr and increased INaL are known to cause long 
QT syndrome (LQT2 and LQT3, 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 (human ether-a-go-
go-related gene; KV11.1 channel, increased IKr) and loss-
of-function mutations in SCN5A (sodium voltage-gated 
channel alpha subunit 5; NaV1.5 channels, decreased 
INa) can lead to short QT syndrome (SQT) and Brugada 
syndrome.3,4

Cellular electrophysiological5,6 and modeling studies7,8 
demonstrate that both IKr and INaL are activated during 

phase 3 of the ventricular AP, and it has been proposed 
that IKr and INaL may counterbalance each other during 
physiological repolarization.7,9–11 However, this concept 
has not been systematically tested yet and supporting 
experimental data are sparse. Moreover, APD and pla-
teau height are critical determinants of IKr and INaL densi-
ties and net charges under the AP.5 Consequently, APD 
prolongation may facilitate IKr and INaL accumulation dur-
ing the AP, whereas IKr and INaL can be reduced when 
APD is shortened. Therefore, we aimed to compare the 
impact of IKr and INaL on ventricular repolarization in health 
and disease. Clinical findings also support such concept 
because treatments with mexiletine,12,13 ranolazine,14 
and hydroquinidine,15,16 which may restore the balance 
between IKr and INaL, can be beneficial in selected patients 
with LQT, SQT, and Brugada syndrome. We hypothesized 
that the IKr/INaL balance, as previously proposed,7,9–11 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 technique17 in control, 
in pharmacologically-induced APD prolongation and 
shortening (modeling LQT and SQT), and in conges-
tive heart failure (HF) induced by combined pressure/
volume overload in rabbits18 and by chronic myocardial 
infarction in pigs.6 We also tested the relative contri-
butions of IKr and INaL to the stability of APD in health 
and disease because the increased beat-to-beat and 
short-term variabilities of APD can be better predic-
tors of cardiac arrhythmias than the steady-state APD 
alone.19 The mechanistic understanding of the relation-
ship between IKr and INaL to set repolarization stability in 
cardiac health and disease may lead to more rational 
drug therapies.

METHODS
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 (No. 20867 and 
No. 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 (Eighth edition, 2011). Chemicals and reagents were 
purchased from Sigma-Aldrich Co (St. Louis, MO) if not speci-
fied otherwise. GS-967 was obtained from Gilead Sciences, 
Inc (Foster City, CA), and E-4031 was from Tocris Bioscience 
(Bristol, United Kingdom).

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 II (Worthington Biochemical, 

Nonstandard Abbreviations and Acronyms

APD	 action potential duration
ATX-II	 sea anemone toxin II
BrS	 Brugada syndrome
CaMKII	� Ca2+/calmodulin-dependent protein 

kinase II
−dV/dtmax	maximal rate of repolarization
hERG	 human ether-a-go-go-related gene
IKr	 rapid delayed rectifier K+ current
INaL	 late Na+ current
LQT	 long QT syndrome
SCN5A	� sodium voltage-gated channel alpha 

subunit 5
SQT	 short QT syndrome
STV	 short-term variability

WHAT IS KNOWN?
•	 Rapid delayed rectifier K+ current (IKr, hERG chan-

nels) and late Na+ current (INaL, predominantly 
NaV1.5 channels) are significant contributors to 
ventricular action potential duration.

•	 Changes in IKr and INaL magnitudes cause repolariza-
tion abnormalities such as long and short QT syn-
dromes with increased risk of cardiac arrhythmias.

WHAT THE STUDY ADDS?
•	 IKr and INaL 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 IKr and INaL in disease (long QT syn-
drome 2 and long QT syndrome 3, short QT) can 
effectively normalize repolarization.

•	 IKr and INaL 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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Co, Lakewood, NJ) 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.18,21,22 Data here reported 
was obtained from 6 HF and 4 age-matched control (AM) rab-
bits. HF progression was monitored periodically by echocar-
diography. Cardiomyocytes were isolated from rabbits at 2 to 
2.5 years of age when left ventricular end-systolic dimension 
exceeded 1.45 cm (detailed morphometric and echocardiog-
raphy 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-–6-month-old) were sub-
jected to microbead embolization of the first diagonal 
branch of the left anterior descending coronary artery, which 
caused transmural myocardial infarction 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, P<0.01), 
providing a clinically relevant large animal ischemic cardio-
myopathy model as previously described.6 Cardiomyocytes 
were isolated from the remote zone of the infarct (>2 cm 
from the infarcted region) 5 months postmyocardial infarc-
tion. 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 cardiomyo-
cytes 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 APD measured at 90% of repolarization (APD90) was calcu-
lated according to the following formula: STV=Σ(|APDi+1−AP
Di|)/[(nbeats −1)×√2], where APDi and APDi+1 indicate the ith and 
(i+1)th APD90 values, respectively, and nbeats denotes the number 
of consecutive beats analyzed.23 Changes in STV are presented 
as Poincaré plots, where 50 consecutive APD90 values are plot-
ted, each against the previous APD90. To analyze further the 
variability of repolarization, the difference between consecu-
tive APD90 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 distribu-
tion curves to illustrate the changes in beat-to-beat variability 
of APD90.

24

Ionic 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+]i cycling, and sequen-
tial block of specific ionic currents using selective ion chan-
nel inhibitors (Table II in the Data Supplement), as previously 
described.6,17 A representative example is shown in Figure 1. 
E-4031 (1 μmol/L) and GS-967 (1 μmol/L) have been used 
to inhibit IKr and INaL, 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 t test or ANOVA with 
Bonferroni post test as appropriate. Differences were deemed 
significant if P<0.05.

RESULTS
Profile of the Major Ionic Currents Under 
Physiological AP-Clamp
To assess the potential impact of IKr and INaL on AP repo-
larization, first, we recorded the major depolarizing and 
repolarizing ionic currents in rabbit ventricular cardiomy-
ocytes under physiological self AP-clamp and sequential 
dissection of ionic currents using selective ion channel 
inhibitors (Table II in the Data Supplement). Each ionic 
current has its characteristic profile and magnitude dur-
ing the AP shown in Figure  1. The rapid opening of 
voltage-gated Na+ channels generates a transient Na+ 
current, which is responsible for AP upstroke. The phase 
1 repolarization of the AP is mediated by both the tran-
sient outward K+ current and the Ca2+-activated Cl− cur-
rent. During AP plateau phase, a small sustained INaL and 
a significantly larger but more rapidly inactivating L-type 
Ca2+ current are the predominant inward currents (Fig-
ure 1). Phase 3 repolarization is predominantly mediated 
by IKr, and then the inward rectifier K+ current completes 
terminal repolarization (Figure 1). The slow delayed recti-
fier K+ current and the Ca2+-activated slow conductance 
K+ current are small currents under a physiological ven-
tricular AP in the absence of β-adrenergic stimulation. 
A significantly inward NCX (Na+/Ca2+ exchanger) cur-
rent (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, IKr 
and INaL, achieve their peak density during the end of the 
plateau phase (Figure 1), suggesting that these currents 
may significantly influence APD and repolarization stabil-
ity. Therefore, we focused on the mechanistic investiga-
tion of the relationship between IKr and INaL during normal 
and impaired repolarization.

Profile of IKr and INaL During Control, Shortened, 
and Prolonged APD
We recorded IKr and INaL during the cell’s own AP shown 
in Figure 2 using self AP-clamp with physiological solu-
tions, at 36°C and 2 Hz steady-state pacing frequency. 
In control, IKr 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 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 21, 2020



Hegyi et al� Counterbalance Between IKr and INaL

Circ Arrhythm Electrophysiol. 2020;13:e008130. DOI: 10.1161/CIRCEP.119.008130� April 2020 339

INaL was present throughout the entire AP plateau; how-
ever, INaL achieved a peak density of −0.55±0.03 pA/
pF (35% less than IKr magnitude, P<0.001) also at the 
phase 3 of the AP when the driving force for Na+ entry 
is increased. Although INaL rises earlier than IKr during the 
AP plateau (Figure  2A), the net charge carried by INaL 
versus IKr during the AP was similar (Figure 2E and 2F 
inset; 0.056±0.004 versus 0.063±0.004 pC/pF, respec-
tively; P=0.17). Even more striking is that the integrated 
INaL and IKr fluxes covary in individual cells, independent of 

APD (Figure 2I and 2J), which raises the possibility that 
channel expression might covary (see below).

In another set of experiments, cell pretreatment with 
IKr inhibitor E-4031 (1 μmol/L) prolonged APD (pharma-
cologically induced LQT2 model). Self AP-clamp using 
prolonged APD (Figure 2B) led to increased INaL peak 
density (by 26%) and net charge (by 88%) versus con-
trol (Figure 2E and 2F). Next, pretreatment of the cell 
with the INaL inhibitor GS-967 (1 μmol/L) shortened 
APD (pharmacologically induced SQT model). Self AP-
clamp using shortened APD (Figure 2C) led to reduced 

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 predrug 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 currents in rabbit ventricular cardiomyocytes under 
physiological AP-clamp. Ionic currents were measured as drug-sensitive currents. Cells were paced at 2 Hz steady-state frequency at 36°C. 
Transient outward K+ current (Ito) and calcium-activated Cl- current (ICl(Ca)) were measured as 4-aminopyridine and CaCCinh-A01-sensitive 
currents, respectively. Rapid delayed rectifier K+ current (IKr), slow delayed rectifier K+ current (IKs), inward rectifier K+ current (IK1), and small 
conductance Ca2+-activated K+ current (IK(Ca)) were measured as E-4031, HMR-1556, Ba2+, and apamin-sensitive currents, respectively. Late 
Na+ current (INaL), transient Na+ current (INaT), Na+/Ca2+ exchange current (INCX), and L-type Ca2+ current (ICaL) were measured as GS-967, 
tetrodotoxin, ORM-10962, and nifedipine-sensitive currents, respectively. The peak of INaT is out of range.
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IKr peak density (by 23%) and net charge (by 47%) 
versus control (Figure 2E and 2F). Sea anemone toxin 
II (ATX-II, 5 nmol/L) that impairs Na+ channel inactiva-
tion prolonged APD (pharmacologically induced LQT3 
model) and markedly increased INaL under self AP-clamp 
(Figure 2D). ATX-II increased INaL peak density by 148% 
and net charge by 268% versus control; however, the 
prolonged APD by ATX-II also led to increased IKr peak 
density by 32% and net charge by 113% versus control 
(Figure 2E and 2F). These acute manipulations of IKr and 
INaL and APD exemplify that in addition to the covary-
ing IKr and INaL at baseline, the acute changes in APD 
evoke inherent biophysical coordination between IKr and 
INaL (Figure 2G and 2H). That is, if APD is prolonged by 
excess INaL, the long APD promotes more IKr to limit APD 
prolongation.

Further analyzing the relationship between IKr and INaL, 
there was a >2-fold variation in both IKr and INaL magni-
tudes under self AP-clamp already in control cells (Fig-
ure 2I 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 IKr and INaL, respectively (Fig-
ure  2I). However, there was no correlation in control 
between the cells’ baseline APD90 and either IKr and INaL 
peak densities (Figure 2I) or total charges (Figure 2J) 
under self AP-clamp. Despite the large cell-to-cell vari-
ability, IKr and INaL magnitudes were not randomly dis-
tributed, but instead, IKr and INaL 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 APD90 (or APD25 or APD50, 
Figure I in the Data Supplement) can be generated by 

Figure 2. Correlation between rapid delayed rectifier K+ current (IKr) and late Na+ current (INaL) under self action potential (AP)-
clamp.
A, IKr and INaL under self AP-clamp in control rabbit ventricular cardiomyocytes. INaL and IKr were measured as 1 µmol/L GS-967 and 1 µmol/L 
E-4031-sensitive currents, respectively. Cells were paced at 2 Hz. B, INaL under a prolonged AP duration (APD) following IKr inhibition (E-4031 
pretreatment). C, IKr under a shortened APD following INaL inhibition (GS-967 pretreatment). D, INaL and IKr under a prolonged APD following 
sea anemone toxin II (ATX-II; 5 nmol/L) treatment to modulate Na+ channel inactivation. E and F, IKr and INaL densities in control, and following 
pretreatment with either E-4031, GS-967, or ATX-II. Inset shows the net charge carried by INaL and IKr 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. I and J, No correlation between APD and IKr or INaL peak densities and net charges in individual control cells under self AP-clamp. K and 
L, Correlation between IKr and INaL 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. n/N refers to cells/animals measured in each group. ANOVA with Bonferroni post test. 
NS indicates not significant (P>0.05). *P<0.05, **P<0.01, ***P<0.001.
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largely different, but matched, IKr and INaL densities and 
net charges. These data suggest that IKr and INaL might 
be coregulated not only biophysically but also in their 
functional expression.

Altered INaL/IKr Balance in HF
HF is known to be associated with arrhythmogenic elec-
trophysiological remodeling, including changes in INaL and 
IKr that leads to APD prolongation.18,22 We measured the 

Figure 3. Heart failure shifts the balance between rapid delayed rectifier K+ current (IKr) and late Na+ current (INaL) in rabbit 
ventricular cardiomyocytes.
A and B, IKr and INaL in rabbit heart failure (HF) and age-matched control (AM) under canonical action potential (AP)-clamp. INaL and IKr were 
measured as 1 µmol/L GS-967 and 1 µmol/L E-4031-sensitive currents under AP-clamp, respectively. Cells were paced at 2 Hz using the 
same, prerecorded AP. C and D, INaL and IKr densities and net charges in HF and AM measured under physiological AP-clamp with preserved 
Ca2+ transient (Physiol) or in the presence of 10 mmol/L BAPTA in the pipette to eliminate Ca2+ transient (BAPTA). E and F, Correlation 
between IKr and INaL peak densities and net charges in HF and AM. Dashed lines represent the fitted linear regression curves. Mean±SEM is 
shown. n/N refers to cells/animals measured in each group. ANOVA with Bonferroni post test. NS indicates not significant (P>0.05). *P<0.05, 
**P<0.01, ***P<0.001 vs AM-Physiol; ††P<0.01, †††P<0.001 vs HF-Physiol.
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profiles of IKr and INaL 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, 
P<0.001), whereas IKr peak density was slightly increased 
in HF versus AM (1.13±0.02 versus 0.96±0.02 pA/pF, 
P<0.001) under canonical AP-clamp shown in Figure 3A 
through 3D. This resulted in a 58% increase of INaL net 
charge in contrast to 29% increase of IKr net charge in 
HF versus AM (Figure 3C and 3D). Therefore, the bal-
ance between INaL and IKr is shifted toward enhanced 
depolarization in HF. Further analysis revealed that a sig-
nificant correlation between IKr and INaL magnitudes in AM 
(ie, larger IKr in those cells having larger INaL) 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 IKr is concurrent with 
larger INaL) 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 intracel-
lular Ca2+ handling and Ca2+-dependent signaling includ-
ing upregulation of CaMKII (Ca2+/calmodulin-dependent 
protein kinase II).25 Therefore, we repeated INaL and IKr 
measurements using 10 mmol/L BAPTA in the pipette 
to buffer [Ca2+]i to nominally zero (Figure II in the Data 
Supplement). BAPTA significantly reduced INaL peak 

density in HF (−0.72±0.03 pA/pF, P<0.001) but not in 
AM (Figure 3C). Moreover, BAPTA slightly reduced IKr in 
HF versus AM (0.88±0.01 pA/pF, P<0.001), whereas IKr 
was not changed by BAPTA in AM (Figure 3D).

IKr and INaL Counterbalance Under Control, 
Shortened, and Prolonged APD
We tested the impact of IKr and INaL inhibition on APD 
in control and disease models. The IKr inhibitor E-4031 
(1 μmol/L) significantly prolonged APD90 in healthy 
rabbit ventricular cardiomyocytes (245.1±5.8 versus 
201.0±5.1 ms, P<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 APD90 (Plateau75) and decreasing the maximal 
rate of repolarization (−dV/dtmax). Application of the INaL 
inhibitor GS-967 (1 μmol/L) in the E-4031 pretreated 
cells shortened APD90 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, INaL inhibition 
using GS-967 significantly shortened APD90 in control 
(177.3±5.1 versus 206.9±2.6 ms, P<0.001) as shown in 
Figure 4B. GS-967 slightly depressed AP plateau poten-
tials and accelerated phase 3 (Figure 4B and 4F). How-
ever, inhibiting IKr following GS-967 treatment restored 

Figure 4. Rapid delayed rectifier K+ current (IKr) and late Na+ current (INaL) counterbalance each other on shaping the ventricular 
action potential (AP).
A, INaL inhibition (GS-967, 1 µmol/L) abolished AP duration (APD) prolongation induced by IKr blockade (E-4031, 1 µmol/L). B, IKr inhibition 
reverts APD shortening induced by INaL blockade. C, INaL inhibition abolished AP prolongation caused by modulated Na+ channel inactivation 
using sea anemone toxin II (ATX-II, 5 nmol/L). D, INaL 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, Plateau75 potential and maximal rate of 
repolarization (−dV/dtmax). Mean±SEM is shown. n/N refers to cells/animals measured in each group. ANOVA with Bonferroni post test. AM 
indicates age-matched control; and NS, not significant (P>0.05). *P<0.05, **P<0.01, ***P<0.001 vs control; †P<0.05 vs HF.
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APD90 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 pro-
long APD90 (265.1±8.9 versus 201.5±3.2 ms, P<0.001) 
shown in Figure  4C. ATX-II increased Plateau75 as 
expected, but interestingly, ATX-II also accelerated the 
rate of repolarization (Figure 4G) in line with IKr accumu-
lation under the elevated AP plateau and prolonged APD. 
INaL inhibitor GS-967 at a concentration of 100 nmol/L 
significantly shortened APD90 following ATX-II treatment 
(222.4±6.7 ms, P<0.01 versus ATX-II only), whereas a 
higher concentration of GS-967 (1 µmol/L) abolished 
the ATX-II–induced APD90 prolongation (189.6±5.8 ms, 
P=0.07 versus control) and reduced Plateau75 to control 
(Figure 4G). INaL was also enhanced in HF (Figure 3), and 
APD90 was prolonged in HF versus AM (253.1±18.5 ver-
sus 202.4±5.8 ms, P<0.05) shown in Figure 4D. Impor-
tantly, the INaL inhibitor GS-967 (1 μmol/L) shortened 
APD90 in HF back to control (215.9±16.6 ms, P>0.05 
versus control) and increased −dV/dtmax (Figure 4H).

Impact of IKr and INaL on Repolarization Stability
Next, we tested the contribution of IKr and INaL to the tem-
poral dispersion of APD to assess repolarization stability. 

IKr inhibition (E-4031, 1 μmol/L) significantly increased 
the STV of APD90 (3.6±0.4 versus 2.5±0.1 ms, P<0.001), 
whereas INaL inhibition (GS-967, 1 μmol/L) significantly 
decreased STV (1.6±0.1 versus 2.6±0.2 ms, P<0.001) 
shown in Figure 5A and 5B in line with their effect on 
averaged APD90 (Figure 4). However, combined IKr+INaL 
inhibition reduced STV below control (1.9±0.2 ms, 
P<0.001), despite the unchanged averaged APD90. ATX-
II robustly increased STV (5.0±0.6 versus 2.2±0.1 ms, 
P<0.001), shown in Figure 5C. Interestingly, partial block-
ade (0.1 μmol/L GS-967) of the enhanced INaL (by ATX-
II) reduced STV to control (2.6±0.3 ms, P>0.05 versus 
control), whereas APD90 was still significantly prolonged 
(compare Figures  5C and 4C). Moreover, higher con-
centration of GS-967 (1 µmol/L) decreased STV below 
control (1.7±0.2 ms, P<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, 
P<0.05), and importantly, INaL inhibition restored not only 
APD90 but also STV to control (2.7±0.4 ms, P>0.05 ver-
sus AM) shown in Figure 5D.

To further analyze the beat-to-beat variability of APD90, 
cumulative distribution of APD90-variability in consecutive 
beats was calculated (Figure 5E through 5H). It showed 
that IKr inhibition (E-4031, 1 μmol/L) enhanced STV by 
markedly increasing the number of beats having large 

Figure 5. Impact of rapid delayed rectifier K+ current (IKr) and late Na+ current (INaL) on beat-to-beat (BtB) 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 BtB changes in APD. IKr inhibition (E-4031, 1 μmol/L), INaL enhancement 
(sea anemone toxin II [ATX-II], 5 nmol/L), and heart failure (HF) increased APD-variability, whereas INaL inhibition (GS-967, 1 μmol/L) 
significantly reduced APD-variability. Insets show the number of APs having >5 and 10 ms BtB variability of APD. Mean±SEM is shown. n/N 
refers to cells/animals measured in each group. ANOVA with Bonferroni post test. AM indicates age-matched control; and NS, not significant 
(P>0.05). *P<0.05, **P<0.01, ***P<0.001 vs control; ††P<0.01, †††P<0.001 vs HF.
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differences between consecutive APD90 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, INaL inhibition decreased both the 
median beat-to-beat variability and markedly reduced the 
number of APs having large differences in APD90 values 
in consecutive beats (Figure 5F). In agreement with this 
role of INaL, ATX-II treatment significantly increased both 
the median and large APD90 beat-to-beat variabilities in 
consecutive beats, which were then reverted by GS-967 

(Figure  5G). Similarly, significantly enhanced beat-to-
beat APD90-variability was found in HF just as in ATX-
II, and INaL inhibition significantly reduced beat-to-beat 
repolarization variability in HF (Figure 5H).

Frequency-Dependence of IKr and INaL Inhibition
We also examined the frequency-dependence of IKr and 
INaL inhibition. IKr inhibition (E-4031, 1 μmol/L) caused 
a reverse-rate dependent lengthening of the APD90 
(Figure  6A), and further analysis revealed that the 
observed APD90 prolongation was rather dependent on 
baseline APD90 (Figure 6C). Surprisingly, INaL inhibition 
(GS-967, 1 μmol/L) induced more pronounced APD 
shortening at higher pacing rates (Figure  6B). This 
positive rate-dependence of GS-967 effect on APD90 
(Figure  6D) is the opposite to that expected based 
on the reduced Na+ channel availability, but the use-
dependent drug-binding and the significant CaMKII-
dependent modulation of INaL 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 IKr inhibition and 
decreased by INaL inhibition (Figure 6E and 6F). Interest-
ingly, during APD alternans, only the long APD90 but not 
the short APD90 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 with control (Figure 6F). This observation may 
reflect changes in [Na+]i and [Ca2+]i, 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 coun-
terbalance between IKr and INaL also at high pacing rates.

Relationship Between IKr and INaL in Control and 
Ischemic HF Pigs
Next, we tested whether the correlation between IKr and 
INaL is present in another large animal model relevant to 
human electrophysiology. INaL measured under physiolog-
ical 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 mea-
sured in rabbit (compare Figure 7 and Figure 2). How-
ever, INaL total charge (0.050±0.004 pC/pF) was still 
similar to that measured in rabbits because of the longer 
APD90 (227.9±17.7 ms) in pigs (Figure 7C). Importantly, 
we found statistically significant correlation between 
both peak densities and total charges of INaL and IKr under 
self AP-clamp also in pigs (Figure 7E and 7F).

Chronic ischemic HF (5 months postmyocardial infarc-
tion) in pigs led to APD90 prolongation (246.1±12.9 ms) 

Figure 6. Frequency-dependent effect of rapid delayed 
rectifier K+ current (IKr) and late Na+ current (INaL) inhibition on 
action potential duration (APD).
A, Frequency-dependence of IKr inhibition. B, Frequency-
dependence of INaL 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 μmol/L) and GS-967 (1 μmol/L) 
effects on APD alternans at 5 Hz steady-state pacing. Insets show 
representative APs at time points indicated. G and H, Representative 
AP series and APD alternans magnitudes. Mean±SEM is shown. 
n/N refers to cells/animals measured in each group. Paired Student t 
test. L indicates long APD; NS, not significant (P>0.05); and S, short 
APD. **P<0.01, ***P<0.001.
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and remodeling in both INaL and IKr in myocytes isolated 
from the remote zone of the infarct (Figure 7B). How-
ever, INaL was only slightly increased (by 38%) in porcine 
ischemic HF (Figure  7C), whereas INaL was markedly 
increased (by 84%) in nonischemic (volume/pressure-
overload) rabbit HF (Figure  3C). At the same time, IKr 
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 remod-
eling between ischemic versus nonischemic HF in the 2 
species. However, the significant correlation between IKr 
and INaL was absent in both HF models.

DISCUSSION
Contribution of IKr and INaL to AP Morphology
Imbalance between depolarizing and repolarizing currents 
results in abnormal AP morphology and APD changes in 
cardiac myocytes that manifest as altered QT interval on 

the ECG. Our data demonstrate that IKr and INaL are not 
only major determinants of APD, but they counterbal-
ance each other during the physiological AP of rabbit 
ventricular cardiomyocytes (Figures 2 and 4). Importantly, 
IKr and INaL 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 >2-fold cell-
to-cell variability in their magnitudes in control. Moreover, 
the significant statistical correlation between IKr and INaL 
was still present using a canonical AP-clamp (ie, same 
voltage profile; Figure 3) in line with the recently demon-
strated coupled transcription and functional expression 
of NaV1.5 and hERG.26 Furthermore, if one of these cur-
rents is either reduced or enhanced leading to impaired 
AP repolarization, compensatory changes in the other 
current—dictated by the altered APD and plateau volt-
ages—will affect the outcome on APD90 and repolariza-
tion stability (Figure 2). The counterbalance between IKr 
and INaL on AP repolarization may have significant clinical 

Figure 7. Rapid delayed rectifier K+ 
current (IKr) and late Na+ current (INaL) 
in control and ischemic heart failure 
(HF) porcine ventricular myocytes 
under self action potential (AP)-
clamp.
A and B, IKr and INaL in porcine ventricular 
cardiomyocytes under self AP-clamp 
in control and ischemic HF induced by 
chronic myocardial infarction (5-month 
postmyocardial infarction). INaL and IKr 
were measured as 1 µmol/L GS-967 
and 1 µmol/L E-4031-sensitive currents 
under self AP-clamp, respectively. Cells 
were paced at 1 Hz. C and D, INaL and IKr 
densities and net charges in control and 
HF. E and F, Correlation between IKr and 
INaL peak densities and net charges under 
self AP-clamp. Dashed lines represent 
the fitted linear regression curves. 
Mean±SEM is shown. n/N refers to cells/
animals measured in each group. ANOVA 
with Bonferroni post test. NS indicates 
not significant (P>0.05). *P<0.05, 
**P<0.01.D
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implications, and the IKr/INaL balance may represent an 
important antiarrhythmic target.

IKr is considered a major repolarizing current affecting 
APD and repolarization stability27 in ventricular cardio-
myocytes of larger mammals, including humans.2 How-
ever, the strong statistical correlation between the net 
charges of IKr and INaL (in rabbits, Figure 2L; in pigs, Fig-
ure 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.9 Most previous studies measured a 
smaller INaL of ≈−0.3 pA/pF at −20 mV in both human,28 
canine,29 and rabbit30 ventricular myocytes under con-
ventional square voltage pulses and in the presence 
of strong intracellular Ca2+ buffers to eliminate [Ca2+]i 
transient. However, CaMKII has been previously demon-
strated to significantly upregulate INaL.

29,31,32 This physi-
ological CaMKII-dependent upregulation of INaL might 
have been missed in earlier biophysical studies, but our 
more physiological conditions to measure INaL (with pre-
served Ca2+ transient and CaMKII activation under the 
AP) was able to reveal the true magnitude of the cur-
rent.5,33 We found a smaller INaL peak density under self 
AP-clamp in porcine ventricular myocytes (Figure 7) than 
in rabbit; however, INaL net charge was similar to that in 
rabbit because of the longer APD in pigs. Previous stud-
ies used tetrodotoxin almost exclusively to measure INaL 
raising a dilemma. Cardiac Na+ channels (predominantly 
NaV1.5) are insensitive to tetrodotoxin with an IC50 of 1 to 
2 μmol/L.34,35 Thus, higher concentrations of tetrodotoxin 
(10 to 30 µmol/L) are needed to achieve complete Na+ 
channel inhibition in cardiomyocytes, which may have 
off-target effect on L-type Ca2+ channels.36 The other 
option is to use lower concentrations of tetrodotoxin, but 
in this case, the magnitude of INaL will be underestimated. 
Hence, we used GS-967 which does not have such off-
target effect and exhibits higher selectivity for INaL over 
transient Na+ current.30,33

The positive rate-dependence of GS-967 effect on 
APD90 (Figure  6) is a conflicting finding with previous 
reports showing smaller INaL at higher frequency stimu-
lation.11 Possible explanations may include the state-
dependent binding of GS-967 to the Na+ channels37 and 
significant CaMKII-dependent modulation of INaL at rapid 
pacing rates.33 Interestingly, ranolazine also caused more 
pronounced QT shortening at rapid heart rates than dur-
ing bradycardia in patients with LQT3.14 The underlying 
mechanisms require further investigation. On the con-
trary, IKr inhibition showed a well-known reverse-rate 
dependent effect on APD90 as it followed the frequency-
dependent changes in baseline APD90 (Figure 6), which 
is characteristic to the myocardium.38

Our AP-clamp data revealed that INaL activates earlier 
than IKr during the AP (Figure 2); thus, a significant INaL 
can be measured already under the mid-plateau phase 
of the AP where small depolarizing and repolarizing 

currents delicately balance each other.6 This feature can 
be accountable for the strong influence of INaL inhibition 
on APD90 and repolarization stability, despite the small 
INaL amplitude in accordance with modeling data.7,8 More-
over, INaL inhibition may also decrease intracellular Na+ 
and Ca2+ load that has been shown to occur under a pro-
longed APD,39 during tachypacing-induced APD alter-
nans40 and in HF.41

Remodeling of IKr and INaL is frequently reported in 
HF,18,22,42 which introduces a shift in IKr/INaL balance and 
significantly contributes to the increased arrhythmia risk. 
We found enhanced INaL in both rabbit nonischemic HF 
(Figure 3) and porcine ischemic HF (Figure 7); however, 
INaL upregulation was more pronounced in the nonisch-
emic model. IKr was slightly altered in HF in line with 
previous studies.42 IKr was downregulated in porcine 
ischemic HF (Figure 7), whereas a Ca2+-dependent IKr 
upregulation was found in rabbit nonischemic HF (Fig-
ure 3). The mechanism of differential ion channel remod-
eling in ischemic versus nonischemic HF has not been 
elucidated yet.

Clinical and Preclinical Findings Supporting the 
Importance of IKr/INaL Balance
Targeting the balance between IKr and INaL may have 
significant therapeutic potential in QT abnormali-
ties 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, IKr inhibition in short QT syn-
drome represents a potential therapeutic approach to 
normalize the duration of repolarization; however, the 
mutant channels may express differential sensitivity for 
inhibitors.43 Importantly, several antiarrhythmic drugs 
successfully used in clinic including amiodarone,44 
ranolazine,45 flecainide, and quinidine46 inhibit both IKr 
and INaL. These drugs, previously thought to have off-
target effects, may finetune the ratio between IKr/INaL 
block to exert antiarrhythmic effects. Understanding the 
importance of the counterbalancing effect of IKr and INaL, 
the ratio between IKr/INaL block needs to be considered 
when choosing an appropriate drug to treat a specific 
clinical condition.

Our experimental results confirm the predictions of a 
quantitative computational model47 showing that selec-
tive INaL inhibition has beneficial effects on several factors 
considered to be proarrhythmic in LQT as INaL 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 reentrant and multifocal ven-
tricular fibrillation by INaL inhibition.48
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When the repolarization is compromised, it may 
impair [Na+]i and [Ca2+]i homeostasis leading to CaMKII 
activation and generation of reactive oxygen species, 
which then feedback on ion channels forming a vicious 
cycle.49,50 It is particularly true for HF, which is character-
ized by reduced repolarization reserve, increased INaL, and 
enhanced CaMKII-mediated SR Ca2+ 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 INaL 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 IKr/INaL Balance
Despite the strong coupling between IKr and INaL under 
physiological AP repolarization, we found the timing of 
these ionic currents during AP shows major differences. 
Our AP-clamp data indicate that INaL has more influence 
on mid-plateau potentials, and IKr predominantly affects 
phase 3 repolarization rate (Figures 2 and 4). These dif-
ferences may explain (1) the differential susceptibility to 
EAD formation in LQT2 and LQT3 models51,52 and (2) the 
large differences in the clinical manifestations of LQT2 
and LQT3.1,2 Moreover, the magnitude of both IKr and INaL 
significantly varies across species and exhibits signifi-
cant spatial difference between cardiac regions.10,53

IKr/INaL balance may also vary at different heart rates. 
IKr 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 ven-
tricular cardiomyocytes; thus, IKr may accumulate at rapid 
heart rates.53 INaL inactivation time constant is ≈600 ms, 
and INaL was reported to decrease with shorter diastolic 
intervals.11 Patients with LQT2 and LQT3 (but not LQT1) 
have generally higher risk of arrhythmias at slower heart 
rates; however, in carriers of specific mutations (eg, 
S1904L in SCN5A encoding NaV1.5), arrhythmia is more 
frequent at rapid heart rates.2 Moreover, INaL was shown 
to be involved in reverse-rate dependence of IKr inhibition 
on APD11 that can be proarrhythmic in patients treated 
with IKr inhibiting drugs or carrying LQT2 mutations.

Nonetheless, cardiac arrhythmias are frequently trig-
gered by increased sympathetic activity in patients with 
LQT,1,2 which may shift the balance between inward and 
outward ionic currents including not only L-type Ca2+ cur-
rent and slow delayed rectifier K+ current54,55 but also INaL 
and IKr.

56 β-adrenergic agonist isoproterenol significantly 
enhances INaL via both protein kinase A and CaMKII-
dependent mechanisms.33 On the contrary IKr response to 
isoproterenol is variable between preparations and may 
involve regulation via protein kinase A and protein kinase 
C.18 Although similar EC50 values of isoproterenol (≈10 

nmol/L) was found to activate INaL and IKr, the maximal 
responses were largely different (2.4- versus 1.1-–1.3-
fold increases for INaL and IKr, respectively),18,22,57 indicat-
ing that IKr/INaL balance is shifted during β-adrenergic 
stimulation. This may partially explain why β blockers are 
still the preferred treatment in patients with LQT as they 
significantly reduce the risk of arrhythmias.2

Perspectives
It has been previously shown that NaV1.5 and Kir2.1 exhibit 
coordinated expression and they traffic together from trans-
Golgi to sarcolemma to control excitability,58 whereas such 
coordination between NaV1.5 and hERG may control repo-
larization stability in the heart, suggested recently by the 
coupled transcription and correlation of NaV1.5 and hERG 
surface expression levels.26 The quantitative correlation we 
see between mean IKr and INaL during the AP could reflect 
this type of transcriptional coregulation but may be, in part, 
a manifestation of inherent voltage-dependent feedback 
between the channels during AP plateau voltages. How-
ever, the remarkable INaL-IKr correlation within individual cells 
(where cells with the same APD can have in parallel much 
higher INaL and IKr) makes the transcriptional coregulation 
an attractive hypothesis for future work. Future studies are 
needed to reveal the exact contribution of INaL and IKr to Na+ 
and Ca2+ homeostasis under pathological conditions affect-
ing AP repolarization because Ca2+ handling abnormalities 
further increase repolarization instability59,60 and trigger 
arrhythmias in the intact heart.61 Patient-specific human-
induced pluripotent stem cell-derived cardiomyocytes can 
also provide important information on the different LQT 
phenotypes and their pharmacological modulation.62 Further 
in vivo arrhythmia tests in large animal LQT, SQT, and HF 
models, which exhibit human-like repolarization reserve63 
are necessary to assess the therapeutic potential of target-
ing the IKr/INaL balance.
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SUPPLEMENTAL MATERIAL 

Supplemental Methods 
Animal Models and Cardiomyocyte Isolation 
Single cardiomyocytes from the midmyocardial region of the left ventricular free wall were isolated from 
sixteen young adult (4-month-old) male New Zealand White rabbits as previously described.1 Briefly, in 
rabbits 15 minutes before terminal surgery heparin (400 U/kg) was injected, and then they were 
anesthetized with isoflurane (3 to 3.5%) inhalation. After achieving deep anesthesia, hearts were quickly 
excised and placed in a cold Tyrode solution. The hearts were mounted on a Langendorff apparatus and 
retrogradely perfused for 5 minutes with oxygenated Tyrode solution to remove blood from the coronary 
vasculature. Then the hearts were perfused with a Ca2+-free Tyrode solution for 3 minutes to stop the 
contraction of the heart. Next, this solution was supplemented with 1 mg/mL type II collagenase 
(Worthington, Lakewood, NJ, USA), 0.05 mg/mL protease type XIV (Sigma-Aldrich, St. Louis, MO, USA) 
and 50 µmol/L Ca2+, and the hearts were perfused for an additional 25 to 30 minutes to enzymatically 
dissociate the cells. After perfusion, both atria, the right ventricle, and the septum were removed, the left 
ventricle was minced, and ventricular cells were then harvested and stored in Tyrode solution. 

The rabbit model of congestive heart failure (HF) induced by combined volume and pressure 
overload was used (detailed morphometric and echocardiography data are shown in Table I in the Data 
Supplement), and cardiomyocyte isolation from the failing and age-matched control (AM) hearts have been 
performed as previously described.2,3 Briefly, rabbits were subjected to general anesthesia (induction with 
2 mg/kg propofol followed by 2 to 5% isoflurane in 100% oxygen). After thoracotomy, the heart was 
quickly excised and rinsed in cold nominally Ca2+-free Minimal Essential Medium. The right atrium was 
removed, and the aorta opened to visualize the left coronary ostium which was then cannulated using a 5F 
Judkins right catheter (Performa; Merit Medical Systems, South Jordan, UT, USA). Perfusion of the left 
ventricle and left atrium was established before removal of the right ventricular free wall and application 
of a purse-string suture to secure the catheter in place. The remainder of the isolation followed the 
previously described procedure.2 

The porcine model of chronic myocardial infarction (MI) used is this study was developed to 
provide a clinically relevant large animal ischemic cardiomyopathy model.4 In six adult Yucatan mini-pigs 
(4- to 6-month-old, 45 to 60 kg) transmural MI was induced by targeted microbead embolization of the first 
diagonal branch of the left anterior descending (LAD) coronary artery via injection of 2 mL 90 µm diameter 
polystyrene micro-spheres (Polybead, Polysciences Inc., Warrington, PA, USA), resulting in significant 
left ventricular dysfunction and remodeling.4,5 These pigs were part of a larger study examining the complex 
electrophysiological remodeling in post-MI failing hearts,5 here we report a subset of those animals, 
focusing on IKr and INaL experiments. Five months after MI induction, the pigs were sacrificed under general 
inhalation anesthesia. Briefly, following thoracotomy, the heart was placed in a cardioplegic solution 
(containing in mmol/L: CaCl2 1.2, MgCl2 34.1, KCl 16, NaHCO3 10 and NaCl 110) in situ before excision. 
This was followed by perfusion with custodial HTK (histidine-tryptophan-ketoglutarate) solution 
(containing in mmol/L: NaCl 15, KCl 9, MgCl2 4, L-histidine hydrochloride 18, L-histidine 180, 
tryptophan 2, mannitol 30, CaCl2 0.015, and potassium hydrogen 2-ketoglutarate 2) supplemented with 
10 mmol/L 2,3-butanedione monoxime (BDM). For functional cell studies, left ventricular cardiomyocytes 
from the remote zone of the infarct (or from the same location in age-matched sham control hearts) were 
obtained by enzymatic digestion using cannulation and perfusion of the left coronary vasculature (either 
coronary sinus or the left circumflex coronary artery) as previously described.5 

Electrophysiology 
Isolated single ventricular cardiomyocytes were placed in a temperature-controlled Plexiglas chamber (Cell 
Microsystems Inc., Research Triangle Park, NC, USA) and continuously perfused with a modified Tyrode 
solution containing (in mmol/L): NaCl 124, NaHCO3 25, KCl 4, CaCl2 1.2, MgCl2 1, HEPES 10, and 



glucose 10; pH=7.40. Electrodes were fabricated from borosilicate glass (World Precision Instruments Inc., 
Sarasota, FL, USA) having tip resistances of 2 to 2.5 MΩ when filled with internal solution containing (in 
mmol/L): K-aspartate 110, KCl 25, NaCl 5, Mg-ATP 3, HEPES 10, cAMP 0.002, phosphocreatine 
dipotassium salt 10, and EGTA 0.01; pH=7.20. Using this internal solution preserves the Ca2+ transient and 
contraction of the cardiomyocyte.6 In a few experiments in HF and AM cells, the pipette solution was 
supplemented with 10 mmol/L BAPTA which buffers [Ca2+]i to nominally zero. 

Axopatch 200B amplifier (Axon Instruments Inc., Union City, CA, USA) was used for recordings 
and the signals were digitized at 50 kHz by a Digidata 1440A A/D converter (Molecular Devices, 
Sunnyvale, CA, USA). Series resistance was typically 3 to 5 MΩ and it was compensated by ≥80%. 
Experiments were discarded when the series resistance was high or increased by ≥20% during the 
recordings. Reported voltages are already corrected for liquid junction potential. Experiments were 
conducted at 36±0.1°C. 

APs were recorded in whole-cell I-clamp conditions where cells were stimulated using supra-
threshold depolarizing pulses (2 ms duration) delivered via the patch pipette. 

Self AP-clamp experiments were conducted as previously described.5,7 Briefly, the cell’s steady-
state AP was recorded under I-clamp, and then it was used in the same cell as the voltage command under 
V-clamp at the same pacing frequency. In control, the net current output (reference or control current) 
should be zero after reaching equilibrium. Next, the current of interest is isolated by using its specific 
blocker to remove it from the net current output (compensation current). Then the drug-sensitive current is 
obtained by subtraction (difference current=reference current-compensation current). Applying additional 
specific blockers and repeating the recording steps, several ionic currents can be sequentially isolated from 
the same cell. Note that ionic currents were recorded after their specific blocker had reached steady-state 
effect (usually in 2 minutes using local perfusion). Ionic currents were dissected by using specific inhibitors 
in a sequence minimizing the off-target effects of a blocker on other ion channels, eg, nifedipine, blocker 
of L-type Ca2+ current (ICaL) can be used only as a last step to preserve [Ca2+]i transient and its influence on 
other ionic currents. The following sequence of selective blockers has been used for dissecting out a given 
ionic current: 1 µmol/L GS-967 for INaL, 10 µmol/L tetrodotoxin (TTX) for transient Na+ current (INaT), 
1 µmol/L E-4031 for IKr, 1 µmol/L HMR-1556 for slow delayed rectifier K+ current (IKs), 100 nmol/L 
apamin for small conductance (SK) Ca2+-activated K+ current (IK(Ca)), 100 µmol/L BaCl2 for inward rectifier 
K+ current (IK1), 3 mmol/L 4-aminopyridine for transient outward K+ current (Ito), 100 µmol/L CaCCinh-
A01 for Ca2+-activated Cl− current (ICl(Ca)), 500 nmol/L ORM-10962 for Na+/Ca2+ exchange current (INCX), 
and 10 µmol/L nifedipine for L-type Ca2+ current (ICaL) (see also Table II in the Data Supplement for drug 
selectivity data). Note that in this study (except for Figure 1) only the selective and potent inhibitors E-4031 
and GS-967 have been used to systematically compare the profiles of IKr and INaL, respectively. 

Ionic currents were normalized to cell capacitance measured in each cell using short (10 ms) 
hyperpolarizing pulses from −10 mV to −20 mV. The capacitance of ventricular cardiomyocytes was 
144.7±1.7 pF (n/N=113 cells/20 animals) in control young adult rabbits. The cell capacitance was 
173.7±3.8 pF (n/N=32 cells/6 animals) in HF versus 142.5±2.3 pF (n/N=31 cells/4 animals) in age-
matched control rabbits (P<0.001 using Student t test). Similar cellular hypertrophy was found in post-MI 
ischemic HF pigs (174.9±11.2 pF, n/N=13 cells/6 animals) versus age-matched sham control animals 
(145.3±4.2 pF, n/N=12 cells/5 animals, P<0.05 using Student t test). To characterize each ionic current, we 
reported the current density (current magnitude/cell capacitance) and the net charge carried by each ionic 
current under AP-clamp (analyzed between 10 ms after the peak of the AP and APD90). 



 
 Age-matched 

Control 
Heart Failure 

Age (years)   2.28±0.16        2.24±0.48NS 
Body weight (kg)   4.01±0.18        4.19±0.18NS 
Heart weight (g) 10.98±0.38      23.42±2.19** 
HW/BW (g/kg)   2.75±0.11        5.66±0.63** 
Lung weight (g) 13.73±0.27      18.80±0.93* 
LuW/BW (g/kg)   3.44±0.15        5.54±0.54P=0.10 
Liver weight (g) 68.17±6.79      82.22±8.85NS 
LiW/BW (g/kg) 17.34±0.80      19.95±2.64NS 
Kidney weight (g) 15.63±0.19      15.00±0.57NS 
KW/BW (g/kg)   4.02±0.18        3.59±0.10P=0.12 
   

LVEDD (cm)   1.54±0.13        2.35±0.11** 
LVESD (cm)   1.06±0.08        1.88±0.16** 
FS (%) 35.35±1.95      28.33±1.24* 

 
Supplemental Table I.  Morphometric and echocardigraphy data of heart failure and age-
matched control rabbits. 
Heart failure (HF) was induced in 6 rabbits and progression was assesed periodically by 
echocardiography. Data of HF rabbits at the time when cardiomyocytes were isolated are 
compared with 4 age-matched healthy control rabbits. Increased heart weight and HW/BW 
demonstrate significant myocardial hypertrophy in HF. Increased lung weight indicates pulmonary 
congestion in HF. Enlarged left ventricular dimensions and fraction shortening measured in 
M-mode echocardiography demonstrate ventricular dilation and functional impairment in HF. All 
data represent mean±SEM. Student t test. NS, not significant (P>0.05), *P<0.05; **P<0.01. 
(HW/BW, heart weight-to-body weight ratio; LuW/BW, lung weight-to-body weight ratio; 
LiW/BW, liver weight-to-body weight ratio; KW/BW, kidney weight-to-body weight ratio; 
LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; 
FS, fractional shortening, calculated as FS=[LVEDD−LVESD]/LVEDD×100.) 



 
 Inhibitor Dose Reference 
Late Na+ current (INaL) GS-967 1 µmol/L 8, 9 
Transient Na+ current (INaT) Tetrodotoxin 10 µmol/L 10, 11 
Rapid delayed rectifier K+ current (IKr) E-4031 1 µmol/L 12, 13 
Slow delayed rectifier K+ current (IKs)  HMR-1556 1 µmol/L 14, 15 
Ca2+-activated K+ current (IK(Ca)) Apamin 100 nmol/L 16, 17 
Inward rectifier K+ current (IK1) Ba2+ 100 µmol/L 18, 19 
Transient outward K+ current (Ito) 4-aminopyridine 5 mmol/L 20, 21 
Ca2+-activated Cl- current (ICl(Ca)) CaCCinh-A01 30 µmol/L 22, 23 
Na+/Ca2+ exchanger current (INCX) ORM-10962 500 nmol/L 24, 25 
L-type Ca2+ current (ICaL) Nifedipine 10 µmol/L 26, 27 

 
Supplemental Table II.  Inhibitors used to measure specific drug-sensitive ionic currents 
under action potential (AP)-clamp. 
List of drugs in the order of application in self AP-clamp sequential dissection experiment shown 
in Figure 1. These drugs are potent and selective inhibitors of each specific ion channels in the 
applied dosage (see Supplemental References for details). 



 
 
Supplemental Figure I.  Action potential repolarization timecourse and correlation between 
QKr and QNaL in individual rabbit ventricular myocytes. 
A, Action potential duration at 25% of repolarization (APD25) of each control rabbit ventricular 
myocyte is color coded in the correlation plot between IKr and INaL peak densities and net charges. 
B, Action potential duration at 50% repolarization (APD50) of each myocyte is color coded. 
Dashed lines represent the fitted linear regression curves. 



 
 
Supplemental Figure II.  IKr and INaL in heart failure under action potenial (AP)-clamp with 
buffered [Ca2+]i. 
A and B, Rapid delayed rectifier K+ current (IKr) and late Na+ current (INaL) in heart failure (HF) 
and age-matched control (AM) rabbits under canonical AP-clamp. INaL and IKr were measured as 
1 µmol/L GS-967 and 1 µmol/L E-4031-sensitive currents under AP-clamp, respectively. 
10 mmol/L BAPTA was used in the pipette to eliminate Ca2+ transient (BAPTA). Cells were paced 
at 2 Hz. C, Correlation between IKr and INaL peak densities in HF and AM measured with BAPTA. 
Dashed lines represent the fitted linear regression curves. n/N=9 cells/3 animals for both AM and 
HF. 
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