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Key points

� Cardiac alternans refers to a beat-to-beat alternation in contraction, action potential (AP)
morphology and Ca2+ transient (CaT) amplitude, and represents a risk factor for cardiac
arrhythmia, including atrial fibrillation.

� We developed strategies to pharmacologically manipulate the AP waveform with the goal to
reduce or eliminate the occurrence of CaT and contraction alternans in atrial tissue.

� With combined patch-clamp and intracellular Ca2+ measurements we investigated the effect
of specific ion channel inhibitors and activators on alternans. In single rabbit atrial myocytes,
suppression of Ca2+-activated Cl− channels eliminated AP duration alternans, but prolonged
the AP and failed to eliminate CaT alternans. In contrast, activation of K+ currents (IKs and
IKr) shortened the AP and eliminated both AP duration and CaT alternans.

� As demonstrated also at the whole heart level, activation of K+ conductances represents a
promising strategy to suppress alternans, and thus reducing a risk factor for atrial fibrillation.

Abstract At the cellular level alternans is observed as beat-to-beat alternations in contraction,
action potential (AP) morphology and magnitude of the Ca2+ transient (CaT). Alternans is
a well-established risk factor for cardiac arrhythmia, including atrial fibrillation. This study
investigates whether pharmacological manipulation of AP morphology is a viable strategy
to reduce the risk of arrhythmogenic CaT alternans. Pacing-induced AP and CaT alternans
were studied in rabbit atrial myocytes using combined Ca2+ imaging and electrophysiological
measurements. Increased AP duration (APD) and beat-to-beat alternations in AP morphology
lowered the pacing frequency threshold and increased the degree of CaT alternans. Inhibition
of Ca2+-activated Cl− channels reduced beat-to-beat AP alternations, but prolonged APD and
failed to suppress CaT alternans. In contrast, AP shortening induced by activators of two K+

channels (ML277 for Kv7.1 and NS1643 for Kv11.1) abolished both APD and CaT alternans in
field-stimulated and current-clamped myocytes. K+ channel activators had no effect on the degree
of Ca2+ alternans in AP voltage-clamped cells, confirming that suppression of Ca2+ alternans
was caused by the changes in AP morphology. Finally, activation of Kv11.1 channel significantly
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attenuated or even abolished atrial T-wave alternans in isolated Langendorff perfused hearts. In
summary, AP shortening suppressed or completely eliminated both CaT and APD alternans in
single atrial myocytes and atrial T-wave alternans at the whole heart level. Therefore, we suggest
that AP shortening is a potential intervention to avert development of alternans with important
ramifications for arrhythmia prevention and therapy.
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Introduction

At the cellular level cardiac alternans is observed as
periodic beat-to-beat variation in contraction amplitude,
action potential (AP) morphology and cytosolic Ca2+
transient (CaT) amplitude at constant stimulation
frequency. Atrial alternans is closely linked to the
development of atrial arrhythmias such as atrial
fibrillation and flutter (Narayan et al. 2002; Hiromoto
et al. 2005; Jousset et al. 2012; Kanaporis & Blatter,
2017a). Atrial fibrillation (AF), the most prevalent cardiac
arrhythmia, is associated with an increased risk of
stroke, cardiomyopathies and heart failure, and accounts
for significant morbidity and mortality (Chinitz et al.
2013; Chugh et al. 2014). Therapeutic strategies for
AF include ablation procedures and pharmacological
approaches. Pharmacological treatment of AF involves
rate-controlling drugs, such as beta-blockers, calcium
channel inhibitors or cardiac glycosides (e.g. digoxin),
or rhythm-controlling compounds that suppress sodium
or potassium channels. However, the efficacy of current
pharmacological therapies for treatment and prevention
of AF is limited and inconsistent, as reflected in high
AF recurrence rates (Morillo et al. 2014; Geng et al.
2017). In accordance with ongoing clinical efforts to
find new, more personalized and less invasive therapeutic
approaches, this study explores the role of AP morphology
for the development and severity of atrial alternans, and
based on these findings, tests the hypothesis that targeted
pharmacological modification of AP morphology is a
potential therapeutic tool for prevention of arrhythmia.

It is well established that development of AP duration
(APD) and CaT alternans is strongly coupled (Pruvot
et al. 2004; Kanaporis & Blatter, 2015). The relationship
between cytosolic Ca2+ concentration ([Ca2+]i) and
membrane potential (Vm) plays a key role in the generation
of alternans. Changes in [Ca2+]i shape AP wave-
forms by modulating the activity of Ca2+-regulated ion
conductances. On the other hand, AP morphology affects
intracellular Ca2+ handling by regulating Ca2+ entry
through L-type Ca2+ channels and extrusion through
Na+/Ca2+ exchange. Although it is still debated whether
disturbances of Vm or [Ca2+]i regulation are the primary
cause of alternans (Edwards & Blatter, 2014; Kanaporis &

Blatter, 2017a), growing evidence indicates that alternans
is initiated by disturbances in intracellular Ca2+ handling
(Chudin et al. 1999; Diaz et al. 2004; Goldhaber et al. 2005;
Shkryl et al. 2012; Kanaporis & Blatter, 2015). However,
recently we have demonstrated that AP morphology
and its beat-to-beat alternation have strong effects on
the development and degree of alternans in atrial myo-
cytes (Kanaporis & Blatter, 2017b) by regulating diastolic
sarcoplasmic reticulum (SR) Ca2+ load and affecting the
kinetics of L-type Ca2+ currents. These findings raise the
possibility that targeted pharmacological manipulation of
AP morphology will allow to establish desirable AP wave-
forms that carry a low risk of sustaining APD, CaT and
contraction alternans, thus opening a window towards
novel strategies for arrhythmia prevention and therapy.
The hypothesis of AP modulation for alternans prevention
and rescue was tested in this study. In summary, we
demonstrate that APD prolongation through inhibition
of Ca2+-activated Cl− channels (CaCCs) attenuated APD
but not CaT alternans, whereas APD shortening through
activation of K+ currents suppressed or completely
eliminated both CaT and APD alternans in single atrial
myocytes and atrial T-wave alternans at the whole heart
level.

Methods

Ethical approval

All procedures and protocols were approved by the
Institutional Animal Care and Use Committee of Rush
University Chicago, and comply with the Guide for the
Care and Use of Laboratory Animals of the National
Institutes of Health and UK regulations on animal
experimentation (Grundy, 2015).

Myocyte isolation

Atrial myocytes were isolated from male New Zealand
White rabbits (2.5–2.9 kg; 69 rabbits; Charles River
Laboratories, Wilmington, MA, USA). Rabbits were
anaesthetized with an intravenous injection of sodium
pentobarbital (100 mg kg−1) and heparin (1000 IU kg−1).
The depth of anaesthesia was evaluated by foot pinch
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or checking corneal reflexes to ensure a deep anaesthesia
and that the animal did not experience any pain. Hearts
were excised, mounted on a Langendorff apparatus and
retrogradely perfused via the aorta. After an initial
5–10 min of perfusion with oxygenated Ca2+-free Tyrode
solution (mmol l−1: 140 NaCl, 4 KCl, 10 D-glucose,
5 Hepes, 1 MgCl2, 1000 IU l−1 heparin; pH 7.4 with
NaOH), the heart was perfused with minimal essential
medium Eagle (MEM) solution containing 20 μmol l−1

Ca2+ and 22.5 μg ml−1 Liberase TH (Roche Diagnostic
Corporation, Indianapolis, IN, USA) for �20 min at
37 ˚C. The left atrium was dissected from the heart and
minced, filtered and washed in MEM solution containing
50 μmol l−1 Ca2+ and 10 mg ml−1 bovine serum albumin.
Isolated cells were washed and kept in MEM solution with
50 μmol l−1 Ca2+ at room temperature (20–24°C) and
were used within 1–8 h after isolation.

Patch clamp experiments

The external Tyrode solution was composed of (mmol l−1):
135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes and 10
D-glucose; pH 7.4 with NaOH. All chemicals and reagents
were from Sigma-Aldrich (St. Louis, MO, USA), unless
otherwise stated. Patch clamp pipettes (1.5–3 M� filled
with internal solution) were pulled from borosilicate
glass capillaries (WPI, Sarasota, FL, USA) with a P-97
horizontal puller (Sutter Instruments, Novato, CA, USA).
For all voltage- and current-clamp experiments with the
exception of the K+ current measurements (see below)
pipettes were filled with internal solution containing
(mmol l−1): 130 K+ glutamate, 10 NaCl, 10 KCl,
0.33 MgCl2, 4 MgATP and 10 Hepes with pH adjusted to
7.2 with KOH. For simultaneous [Ca2+]i measurements,
100 μmol l−1 Fluo-4 pentapotassium salt or Indo-1
pentapotassium salt (both from Thermo Fisher Scientific,
Waltham MA, USA) was added to the internal solution.
The internal solution was filtered through 0.22-μm pore

filters. Electrophysiological signals were recorded from
single cardiac myocytes in the whole-cell ruptured patch
clamp configuration using an Axopatch 200A patch
clamp amplifier, the Axon Digidata 1440A interface and
pCLAMP 10.3 software (Molecular Devices, Sunnyvale,
CA, USA). Current and AP recordings were low-pass
filtered at 5 kHz and digitized at 10 kHz. All patch
clamp experiments were performed at room temperature
(20–24°C).

For AP measurements the whole-cell ‘fast’ current
clamp mode of the Axopatch 200A was used and APs
were evoked by 4 ms stimulation pulses with a magnitude
�1.5 times higher than AP activation threshold. Vm

measurements were corrected for a junction potential
error of −10 mV. During APD alternans subsequent APs
of alternating duration were termed odd and even APs. For
APD and APD alternans analysis an average of at least eight
consecutive odd and eight consecutive even APs was used.

For AP clamp experiments voltage commands in
the form of atrial APs were generated from averages
of APs recorded from three individual cells paced at
1.3 Hz and exhibiting CaT alternans (Kanaporis &
Blatter, 2017b). Two voltage commands were generated:
APCaT Large representing APs recorded during large CaTs,
and APCaT Small, the AP waveform observed during
small CaTs (Fig. 1). These two distinct AP waveforms
were used to generate the following pacing protocols:
(1) same-shape APCaT Large protocol consisting of 24
consecutive APCaT Large waveforms; (2) same-shape
APCaT Small protocol consisting of 24 consecutive
APCaT Small waveforms; and (3) alternans AP protocol
consisting of 12 consecutive APCaT Large–APCaT Small pairs.
Stimulation frequency was modified by changing diastolic
intervals between voltage commands. For statistical
analysis of CaT properties and CaT alternans only the
last six CaTs elicited by the pacing protocol were analysed
to ensure that recordings were done under steady-state
conditions.

Figure 1. Action potential waveforms used as voltage commands for voltage clamp experiments
A, simultaneous recordings of APD and CaT alternans from current-clamped single atrial myocyte. B, voltage
commands used to pace cells during AP voltage clamp experiments representing AP waveforms observed during
large (APCaT Large) and small (APCaT Small) alternans CaTs. These AP waveforms were used in all AP voltage clamp
experiments in this study.
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K+ currents were recorded using the whole cell
configuration of the patch clamp technique in voltage
clamp mode (Lu et al. 2001). The external solution
contained (mmol l−1): 149 N-methyl-D-glucamine, 5
MgCl2, 0.9 CaCl2 and 5 Hepes; pH 7.35 with HCl. Patch
pipettes were filled with an internal solution composed of
(mmol l−1): 120 K+ aspartate, 20 KCl, 5 Hepes, 10 EGTA, 5
MgATP, 5 Na+ creatine kinase phosphate and 0.65 CaCl2;
pH 7.2 with KOH. L-type Ca2+ channels were blocked by
30 μmol l−1 nisoldipine. For K+ current measurements,
myocytes were voltage clamped and held at a holding Vm of
−60 mV. K+ currents were elicited with 3 s voltage steps
ranging from −70 mV to +50 mV (10 mV intervals).
Upon completion of each step command, the command
potential was returned to −60 mV for 1.8 s. K+ currents
were quantified as the difference current at the holding Vm

at the beginning of the stimulation protocol and at the end
of the 3 s stimulation pulse. Tail currents were measured as
the difference current at the holding Vm at the beginning
of the stimulation protocol and the peak of the tail current
observed after Vm was returned to the holding potential
following the stimulation step. Currents were normalized
to cell capacitance. No attempt was made to isolate specific
K+ currents, i.e. measurements were performed in the
absence of any K+ channel blockers. The rationale behind
such an approach was to avoid unspecific action of the
blockers as well as keeping conditions comparable to those
during AP recordings.

Cytosolic [Ca2+] measurements

[Ca2+]i measurements. Fluo-4 fluorescence was excited at
485 nm with a xenon arc lamp and [Ca2+]i-dependent
Fluo-4 signals were collected at 515 nm using a photo-
multiplier tube. Background-subtracted fluorescence
emission signals (F) were normalized to resting
fluorescence (F0) recorded under steady-state conditions
at the beginning of an experiment, and changes of [Ca2+]i

are presented as changes of F/F0. Indo-1 fluorescence was
excited at 357 nm (xenon arc lamp) and emitted cellular
fluorescence was recorded simultaneously at 405 nm (F405)
and 485 nm (F485) with photomultiplier tubes. F405 and
F485 signals were background subtracted and changes of
[Ca2+]i are expressed as changes of the ratio F405/F485. Data
recording and digitization were achieved using the Axon
Digidata 1440A interface and pCLAMP 10.3 software.
Fluorescence signals were low-pass filtered at 50 Hz.

Field stimulation. Atrial myocytes were loaded with
5 μmol l−1 Indo-1/AM or 5 μmol l−1 Fluo-4/AM in
the presence of 0.05% Pluronic F-127 for 20–30 min at
room temperature, and then washed for 20 min in Tyrode
solution to allow for de-esterification of the dye. CaTs
were triggered by electrical field stimulation with a pair
of platinum electrodes. The electrical stimulus was set at

a voltage �50% greater than threshold to induce myocyte
SR Ca2+ release. During the course of experiments cells
were continuously superfused (�1 ml min−1) with Tyrode
solution.

Patch clamp. [Ca2+]i was monitored simultaneously with
APs (in current clamp mode) or membrane currents (AP
voltage clamp mode). For [Ca2+]i measurements cells were
loaded with fluorescent probes Fluo-4 pentapotassium
salt (100 μmol l−1) or Indo-1 pentapotassium salt
(100 μmol l−1) via the patch pipette.

CaT alternans. CaT alternans was induced by
incrementally increasing the pacing frequency until
stable alternans was observed (typical range where stable
CaTs were observed was 1.6–2.5 Hz). The degree of Ca2+
alternans was quantified as the alternans ratio (AR).
AR = 1 − [Ca2+]i,Small/[Ca2+]i,Large, where [Ca2+]i,Large

and [Ca2+]i,Small are the amplitudes of the large and small
CaTs of a pair of alternating CaTs. By this definition AR
values fall between 0 and 1, where AR = 0 indicates no
Ca2+ alternans and AR = 1 indicates a situation where SR
Ca2+ release is completely abolished on every other beat.
CaTs were considered alternating when the beat-to-beat
difference in CaT amplitude exceeded 10% (AR > 0.1)
(Kanaporis & Blatter, 2015). The amplitude of a CaT was
measured as the difference in F405/F485 or F/F0 measured
immediately before the stimulation pulse and at the peak
of the CaT.

Langendorff perfused heart

Rabbits were anaesthetized with an intravenous injection
of sodium pentobarbital (100 mg kg−1) and heparin
(1000 IU kg−1). Hearts were excised and mounted on
a whole heart Langendorff perfusion system (Harvard
Apparatus, Holliston, MA, USA) after the aorta was
cannulated. The heart was perfused with modified
Krebs–Henseleit solution composed of (mmol l−1): 119
NaCl, 4 KCl, 1.2 KH2PO4, 25 NaHCO3, 10 D-glucose,
2 sodium pyruvate, 1.8 CaCl2, 2 MgSO4, oxygenated
with a 95% O2/5% CO2 gas mix and pH adjusted
to 7.4 with NaOH at 37°C. Atrial electrograms were
recorded from two electrodes placed on the surface of
the left atrium, while electrical stimulation was applied
to the right atria. To induce atrial T-wave alternans,
stimulation frequency was gradually increased until stable
alternans was observed, typically in the range of 6.5–8 Hz.
Temperature was maintained at 37°C.

Data analysis and presentation

Results are presented as individual observations or as
mean ± SEM, and n represents the number of individual
cells. Statistical significance was evaluated using unpaired

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society



J Physiol 597.3 APD shortening suppresses Ca2+ alternans 727

and paired Student’s t-test and differences were considered
significant at P < 0.05.

Results

AP morphology determines degree of CaT alternans

To determine the effect of AP morphology on the
development of CaT alternans, voltage-clamped atrial
myocytes were stimulated at various frequencies with the
following pacing protocols: (1) the same-shape APCaT Large

protocol; (2) the same-shape APCaT Small protocol; and
(3) the alternans AP protocol. AP waveforms used for
voltage command were generated from prerecorded APs
from current-clamped atrial myocytes exhibiting CaT and
APD alternans (Fig. 1). The degree of CaT alternans
was quantified by the AR. Figure 2A demonstrates
a typical course of alternans development during the
same-shape and alternans AP clamp protocols (all traces
were recorded from the same atrial myocyte). Compared
to the same-shape APCaT Large protocol, the same-shape
APCaT Small protocol (i.e. AP waveforms with prolonged
APD) elicited CaT alternans with larger AR at any given
frequency (Fig. 2A,C). The alternans AP clamp protocols
not only further increased the degree of CaT alternans,

but also lowered the pacing threshold for the induction
of CaT alternans (Fig. 2A,C). AR values observed in
individual cells paced with all three stimulation protocols
at a cycle length (CL) of 540 ms are shown in Fig. 2B. These
results clearly demonstrate that AP morphology plays an
important role in modulating intracellular Ca2+ release.
AP morphology affects the threshold frequency for CaT
alternans induction and determines the degree of CaT
alternans, where beat-to-beat alternation in AP waveform
caused the highest degree of severity of CaT alternans.

Inhibition of Ca2+-activated Cl− channels does not
prevent CaT alternans

The results shown in Fig. 2 demonstrate that alternation
in AP morphology in voltage-clamped cells leads to
an increased degree of CaT alternans. Inspired by
these results we tested whether the opposite holds
true, i.e. whether suppression of beat-to-beat variation
in AP morphology would reduce the severity of CaT
alternans. Previously we have demonstrated that in rabbit
atrial myocytes CaCCs are a major contributor to the
beat-to-beat APD alternation (Kanaporis & Blatter, 2016).
Thus, we expected that inhibition of these channels

Figure 2. Severity of CaT alternans is determined by AP morphology
A, CaTs elicited with the same-shape APCaT Large, the same-shape APCaT Small and the alternans AP clamp protocols
recorded from the same atrial myocyte paced at cycle lengths (CL) of 740 ms (left) and 540 ms (right). B, CaT
alternans ratios recorded from 15 individual cells (10 rabbits) stimulated with the same-shape APCaT Large, the
same-shape APCaT Small and the alternans AP clamp protocols at CL = 540 ms. Individual symbols represent
individual cells. C, pacing with the same-shape APCaT Small waveforms (grey bars) enhances the degree of CaT
alternans compared to the APCaT Large protocol (white bars). CaT alternans ratio (AR) is further increased during
the alternans AP voltage clamp protocol (black bars). n for individual data sets varies from 7 to 34.
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would diminish APD alternans and consequently lessen
the degree of CaT alternans. However, inhibition of
CaCCs with 4,4-diisothiocyanatostilbene-2,2′-disulfonic
acid disodium salt hydrate (DIDS; 500 μmol l−1) in
field-stimulated atrial myocytes failed to abolish CaT
alternans (Fig. 3Aa) and on average had no effect on
the AR (Fig. 3Ac). Previously, we have demonstrated that
inhibition of CaCCs indeed suppressed APD alternans
(Kanaporis & Blatter, 2016), but also leads to an over-
all stable APD prolongation [Fig. 3B and our previous
observations (Kanaporis & Blatter, 2016))] While the
former is expected to translate into a suppression of CaT

Figure 3. Suppression of Ca2+-activated chloride channels
does not prevent CaT alternans
Aa, CaT alternans recorded in control and in the presence of Cl−
channel blocker DIDS (500 μmol l−1) in a field stimulated atrial
myocyte; Ab, CaT alternans ratios (ARs) in control and after the
application of DIDS in five individual field-stimulated cells; Ac, mean
CaT ARs in control and in the presence of DIDS (paired t test,
P = 0.89, n = 5, 3 rabbits). B, CaCC inhibition with DIDS leads to
APD prolongation. Ba, raw traces of APs recorded in control and
after application of DIDS. Bb, overlay of APs recorded in control
(black) and after the application of DIDS (grey).

alternans, a prolonged APD is likely to promote CaT
alternans (Fig. 2). Thus, inhibition of CaCCs has two
opposite effects on APs which results in inconsistent effects
on CaT alternans, where indeed increases, decreases or no
change in AR were observed (Fig. 3Ab).

Activation of K+ currents shortens AP duration

Data obtained in AP-clamp experiments (Fig. 2) suggest
strongly that APD shortening might be a viable approach
to prevent the development of CaT alternans. To test this
hypothesis APD was pharmacologically shortened by the
application of K+ channel agonists. For this purpose, we
used the compounds NS1643 (20 μmol l−1), a selective
agonist of Kv11.1 channels (rapid delayed rectifier K+
current, IKr), and ML277 (0.5 μmol l−1), an activator of
Kv7.1 (IKs, slow delayed rectifying K+ current) channels.
In voltage clamp experiments (Fig. 4) we confirmed that
both compounds increased K+ currents in rabbit atrial
myocytes. Typical traces of K+ currents before and after
the application of the agonists are shown in Fig. 4Aa for
NS1643 and Fig. 4Ba for ML277. ML277 significantly
increased K+ current across all test voltages �−40 mV
(Fig. 4Bb). The effects of NS1643 were more complex and
voltage-dependent. At test voltages >0 mV there was no
significant effect of the drug, whereas at voltages <0 mV
(i.e. in the voltage range crucial for repolarization of
the atrial AP and APD) the drug increased the current
(Fig. 4Ab). In contrast, an increase of tail currents across
the entire voltage range was observed for both drugs
(Fig. 4Ac,Bc). The increase in tail current was statistically
significant at voltages�−30 mV for ML277 and�−20 mV
for NS1643.

Next, we tested the effect of the K+ channel agonists on
APD in current clamped atrial myocytes paced at 1 Hz with
no CaT alternans. Typical traces of APs recorded before
and after the application of K+ agonists are shown in
Fig. 5. Both NS1643 (Fig. 5A) and ML277 (Fig. 5B) resulted
in APD shortening. APD at 30% repolarization (APD30)
decreased by 25 ± 9% in the presence of NS1643 (paired
t-test, P = 0.17, n = 9, 7 rabbits) and by 37 ± 8% in ML277
(P = 0.010, n = 10, 6 rabbits). Application of NS1643
resulted in statistically significant shortening of APD at
50% repolarization (APD50) by 47 ± 8% (P = 0.019)
while at 90% repolarization (APD90) APD was decreased
by 36 ± 8% (P = 0.0012). Similarly, ML277 shortened
APD50 and APD90 by 32 ± 8% (P = 0.012) and 26 ± 8%
(P = 0.013), respectively.

APD shortening suppresses development and severity
of CaT alternans

To investigate the effect of APD shortening on the
development of CaT alternans, both K+ channel agonists
were applied to field-stimulated single atrial myocytes.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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In this series of experiments the stimulation rate was
gradually increased (typically to 1.6–2.5 Hz) until stable
atrial CaT alternans was observed. Stable alternans was
recorded for �1 min (mean 53 ± 10 s; range 20–185 s;
n = 18) before cells were exposed to NS1643 (20 μmol l−1)
or ML277 (0.5 μmol l−1) and changes in CaT AR were
monitored. APD shortening induced by NS1643 or ML277
significantly reduced CaT AR (Fig. 6) and essentially
abolished CaT alternans. The maximal effect on CaT AR
was reached 37 ± 7 and 79 ± 10 s after application
of NS1643 and ML277, respectively. In the presence of
NS1643, CaT AR decreased from 0.58 ± 0.05 in control
to 0.09 ± 0.01 (paired t-test, P = 0.000004, n = 11, 4
rabbits), while ML277 reduced CaT AR from 0.60±0.06 to
0.09 ± 0.03 (n = 10, P = 0.00004, 6 rabbits). To exclude the
possibility that the observed decrease in CaT AR was due

to time-dependent but drug-independent changes of CaT
alternans, we performed control experiments in which
atrial myocytes (n = 11) exhibiting CaT alternans were
paced at a constant rate for 10 min. The data shown in
Fig. 7A demonstrate that CaT AR remained stable during
this prolonged period of constant stimulation under
control conditions, after which application of ML277 led
to a rapid AR decrease (Fig. 7B).

In the next series of experiments, we simultaneously
monitored CaT and APD alternans dynamics in current
clamped atrial myocytes. Representative traces of Vm and
[Ca2+]i before and after the application of NS1643 or
ML277 are shown in Fig. 8. In the presence of both K+
agonists the APD became shorter and the degree of CaT
decreased significantly. Not only CaT alternans, but also
APD alternans was abolished. Figure 8Ad and Fig. 8Bd

Figure 4. K+ channel agonists increase
K+ current in atrial myocytes
Aa, K+ current traces elicited by voltage
steps (−70 to +50 mV) from VH = −60 mV
before and after application of Kv11.1
agonist NS1643 (20 μmol l−1). Arrows
indicate where the amplitudes of K+ and tail
currents were measured. I–V curves of K+
currents (Ab) and tail currents (Ac) recorded
in control and in the presence of NS1643
(n = 5, 4 rabbits). B, representative current
traces (Ba) elicited by the same protocol as in
A before and after application of Kv7.1
agonist ML277 (0.5 μmol l−1). I–V curves of
K+ currents (Bb) and tail currents (Bc)
recorded in control and after application of
ML277 (n = 8, 3 rabbits).
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show the ratios of APD recorded on odd beats to APD of
even beats at 30, 50 and 90% AP repolarization. When
CaT alternans was observed under control conditions,
APs concurring with large CaTs were arbitrarily defined
as odd beats. Figure 8Ad and Fig. 8Bd demonstrate that in
the presence of K+ channel agonists the APDOdd/APDEven

ratio approached 1, i.e. beat-to-beat APD alternans was
no longer observed.

To further verify that CaT alternans suppression was
caused specifically by shortening of the AP and not
by other potential effects of the K+ channel agonists,
we tested NS1643 and ML277 in AP voltage-clamped
cells. In this case the voltage applied to the cell is
determined by the stimulation protocol and is not
modified pharmacologically. The data show that under
voltage-clamp conditions the two K+ channel agonists had
no significant effect on the development of CaT alternans
(Fig. 9). During all three AP voltage-clamp protocols
ML227 and NS1634 had no effect on the ARs. These
experiments indeed confirmed that the effect of the K+
channel agonists is due to APD shortening.

Activation of K+ channels suppresses alternans at the
whole heart level

Finally, we tested if activation of K+ channels is effective in
attenuating APD alternans at the organ level. Atrial T-wave
(Ta) alternans was monitored in Langendorf-perfused
isolated rabbit hearts. Electrograms were recorded from
two electrodes placed on the left atria, while high
rate stimulation was applied to the right atria. To
induce Ta-wave alternans, the stimulation frequency was
gradually increased until stable Ta-wave alternans was
observed (in the range 6.5–8 Hz at 37°C). Electrogram
sequences recorded in control and after the application
of NS1643 (20 μmol l−1) via the perfusate are shown in
Fig. 10. NS1643 was tested in four hearts. In two hearts
NS1643 completely abolished Ta-wave alternans whereas
in the other two a significant reduction of the degree of
Ta-wave alternans was observed. In summary, the data
show that the protective effect against atrial alternans
of K+ channel agonists and presumably APD shortening
observed in single cells could be verified at the whole organ
level.

Figure 5. K+ channel agonists shorten
AP duration (APD)
Aa, traces of APs recorded in control and
after the application of NS1643
(20 μmol l−1); Ab, overlay of APs recorded
in control (black) and after the application of
NS1643 (grey); Ac, mean APD at 30, 50 and
90% repolarization level before and after
application of NS1643 (n = 9, 7 rabbits). Ba,
traces of APs recorded in control and after
the application of ML2773 (0.5 μmol l−1);
Bb, overlay of APs recorded in control and
after the application of ML277; Bc, mean
APD at 30, 50 and 90% repolarization level
before and after the application of ML277
(n = 10, 6 rabbits).
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Discussion

In this study we investigated the effect of AP morphology
on the development of CaT alternans in rabbit atrial myo-
cytes, and whether CaT alternans can be controlled by
targeted modulation of the shape of the AP. The main
findings are as follows: (1) AP clamp experiments applying
various APCaT Large and APCaT Small command voltage
protocols revealed that AP morphology determined the
alternans pacing frequency threshold and degree of CaT
alternans (Fig. 2); (2) Previously we have demonstrated
that suppression of CaCCs greatly reduced beat-to-beat
variation in APD (Kanaporis & Blatter, 2016). However,
suppression of CaCCs failed to reduce the degree of
CaT alternans (Fig. 3) because the concomitant APD
prolongation favours the occurrence of CaT alternans

(see also Fig. 2); (3) APD shortening by pharmacological
activation of IKs or IKr efficiently suppressed CaT and
APD alternans in single atrial myocytes (Figs 6 and 8);
(4) Application of a K+ channel agonist significantly
attenuated or even abolished Ta alternans at the whole
heart level (Fig. 10).

Mechanisms of atrial alternans and the role of AP
morphology

The coincidence of APD and CaT alternans is well
documented (Fig. 1) (Pruvot et al. 2004; Kanaporis
& Blatter, 2015) and it is generally agreed that the
bi-directional coupling between [Ca2+]i and Vm plays a
key role in the development of alternans. Vm directly

Figure 6. AP shortening reduces degree
of CaT alternans in field-stimulated
atrial myocytes
Aa, CaTs recorded before and after
application of Kv11.1 channel agonist
NS1643 in field-stimulated atrial myocytes.
Ab, changes of CaT alternans ratio (AR) in
control and in the presence of NS1643 from
11 individual cells. Ac, mean CaT AR in
control and after application of NS1643
(n = 11, 4 rabbits). Ba, CaTs recorded before
and after application of Kv7.1 channel
agonist ML277 in field stimulated atrial
myocytes. Bb, changes in CaT AR from 10
individual cells. Bc, mean CaT AR in control
and after application of ML277 (n = 10, 6
rabbits).
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affects the activity of Ca2+ handling mechanisms that
are voltage-dependent, while [Ca2+]i dynamics modulate
Vm through Ca2+-dependent ion currents and trans-
porters. Due to the complex nature of the bi-directional
coupling between Vm and [Ca2+]i, the experimental
distinction between effects of Ca2+ and Vm is difficult
and therefore the mechanisms underlying alternans
remain incompletely understood, especially in atrial tissue.
Computational (Nolasco & Dahlen, 1968; Watanabe &
Koller, 2002; Tolkacheva et al. 2004; Jordan & Christini,
2006, 2007) and several experimental studies (Koller
et al. 2005; Tolkacheva et al. 2006) have suggested that
self-sustaining beat-to-beat oscillations of APD can occur
if the slope of diastolic APD restitution is steep enough,
and that the role of Vm as a causative factor of alternans

Figure 7. Degree of CaT alternans remains stable during
prolonged pacing
A, mean CaT alternans ratio (AR) over time in field-stimulated atrial
myocytes (n = 11, 4 rabbits) continuously paced for 10 min. B,
application of ML277 (0.5 μmol l−1), following 10 min recording of
stable CaT alternans, leads to fast reduction in CaT AR in
field-stimulated atrial myocytes. Recovery of CaT AR is observed
during the washout of ML277. Top panel: representative CaT traces
observed at the times indicated by the corresponding letter on the
main graph.

becomes more prominent as pacing rates increase (Jordan
& Christini, 2007; Bayer et al. 2010). However, contrary
to these results, other experimental studies found a poor
relationship between experimentally determined APD
restitution kinetics and inducibility of alternans (Saitoh
et al. 1988; Banville & Gray, 2002; Kalb et al. 2004; Pruvot
et al. 2004; Wu & Patwardhan, 2006). In addition to the
APD restitution hypothesis, there is strong evidence that
alternans can be initiated by disturbances of intracellular
Ca2+ signalling (Chudin et al. 1999; Diaz et al. 2004;
Goldhaber et al. 2005; Shkryl et al. 2012; Kanaporis &
Blatter, 2015). Major support for this notion stems from
the demonstration that Ca2+ alternans can be elicited in
voltage-clamped ventricular (Chudin et al. 1999) and atrial
(Kanaporis & Blatter, 2015) myocytes where Vm is kept
constant on every beat, i.e. in the absence of APD alternans.
In addition, beat-to-beat alternation in AP morphology
was abolished when intracellular Ca2+ release was blocked
(Kanaporis & Blatter, 2015), suggesting that electrical
alternans is a consequence rather than the cause of
cardiac alternans. A popular candidate for the underlying
mechanism for CaT alternans is beat-to-beat variation
in SR Ca2+ concentration ([Ca2+]SR) (Diaz et al. 2004;
Eisner et al. 2006; Nivala & Qu, 2012; Kanaporis & Blatter,
2017b), although there is also direct experimental evidence
that CaT alternans can be observed without alternans in
diastolic [Ca2+]SR (Huser et al. 2000; Picht et al. 2006). As
an alternative to the SR Ca2+ load hypothesis, beat-to-beat
differences in the refractoriness of SR Ca2+ release was
suggested (Kornyeyev et al. 2012; Shkryl et al. 2012; Lugo
et al. 2014; Wang et al. 2014).

Irrespective of whether Vm or [Ca2+]i plays the leading
role in the initiation of alternans, here and in our pre-
vious study (Kanaporis & Blatter, 2017b) we demonstrate
that AP morphology and beat-to-beat variation of APD
are pivotal for development and sustainability of atrial
alternans. We generated AP waveforms that emulate
experimentally recorded Vm changes during CaT alternans
and used these AP waveforms in AP voltage-clamp
experiments. When cells were paced with these AP
waveforms it was observed that: (1) CaT alternans was
induced at lower pacing rate and degree of alternans
was higher if there is APD variation on a beat-to-beat
basis (AP alternans voltage clamp; Fig. 2); and (2)
when the same-shape AP clamp protocols were applied,
the AP waveform with prolonged APD (APCaT Small)
induced more pronounced CaT alternans compared to the
APCaT Large protocol (Fig. 2). While several mechanisms
could be envisaged as to how this might occur, in a recent
study we demonstrated two distinct mechanisms that
involved end-diastolic SR Ca2+ content and the kinetics
of L-type Ca2+ current (Kanaporis & Blatter, 2017b).
The AP waveform observed during large Ca2+ release
results in a larger peak L-type Ca2+ current that provides
a more efficient trigger for intracellular Ca2+ release.
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The APCaT Large waveform also leads to lower [Ca2+]SR

available for the subsequent beat. Consequently, both
mechanisms result in enhanced Ca2+ alternans (Kanaporis
& Blatter, 2017b). A direct effect of AP morphology on
atrial Ca2+ release and contraction has been observed pre-
viously, and occurred through prolongation of atrial APD
after pharmacological inhibition of K+ currents, which
in turn enhanced Ca2+ entry via reverse mode Na+/Ca2+
exchange (Schotten et al. 2007).

Atrial alternans and atrial fibrillation

The majority of clinical data that relate cardiac
alternans and arrhythmias have so far been obtained in
ventricles. The beat-to-beat alternation of ventricular AP
repolarization, reflected in the ECG as T-wave alternans
(TWA), has proven to be a valuable prognostic tool
for ventricular arrhythmia risk stratification (Merchant
et al. 2013). The clinical use of atrial APD alternans as a
diagnostic and prognostic tool, however, is limited by the

Figure 8. AP shortening suppresses CaT and APD alternans in current-clamped atrial myocytes
A and B, effect of K+ channel agonists NS1643 (A) and ML277 (B) on CaT alternans in current-clamped atrial
myocytes. a, action potential and [Ca2+]i traces observed before and after application of NS1643 (n = 4, 3 rabbits)
or ML277 (n = 5, 5 rabbits). b, CaT alternans ratio in individual cells in control and after the application of K+
channel agonists. c, mean CaT alternans ratio in control and in the presence of K+ channel agonists. d, in addition
to CaT alternans, APD alternans also was abolished in the presence of NS1643 and ML277. Ratios of APDs of odd
and even beats at 30, 50 and 90% of AP repolarization are shown. In the presence of K+ channel agonists the
ratio approaches 1 (marked by dashed line), indicating elimination of APD alternans.
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fact that the atrial repolarization signal is masked by the
ventricular QRS complex in conventional ECG recordings.
Nevertheless, several experimental (Jousset et al. 2012;
Monigatti-Tenkorang et al. 2014; Verrier et al. 2016) and
clinical studies (Narayan et al. 2002, 2011a,b; Hiromoto
et al. 2005; Lalani et al. 2013), using monophasic AP
electrodes to monitor atrial repolarization alternans in
vivo, have provided convincing evidence that atrial APD
alternans may lead directly to AF or its transition from
atrial flutter. In addition, it was suggested that, similarly
to ventricular TWA, Ta-wave alternans can be suitable to
predict vulnerability to AF (Narayan et al. 2011a; Lalani
et al. 2013). For example, it was demonstrated that atrial
APD alternans preceded AF episodes (Narayan et al. 2002,
2011a; Monigatti-Tenkorang et al. 2014). Moreover, in
patients with persistent AF Ta-wave alternans is induced
at relatively low pacing rates (Narayan et al. 2011a). Also,
atrial APD alternans was more severe and more pre-
valent in patients with persistent AF than in subjects
with paroxysmal AF (Lalani et al. 2013), while alternans
was not observed in the control group (Narayan et al.
2011a; Lalani et al. 2013). The putative mechanisms
connecting APD alternans to arrhythmias involve the
development of spatially discordant alternans (Wilson

& Rosenbaum, 2007; Gelzer et al. 2008; Wilson et al.
2009; Hsieh et al. 2016). Similarly to findings in ventricle,
discordant alternans was also observed in the atria and has
been directly linked to the development of AF (Hiromoto
et al. 2005; Jousset et al. 2012; Verrier et al. 2016).

AP shortening as a tool for arrhythmia prevention

Anti-arrhythmic drug therapy and catheter ablation
are the most common approaches for AF treatment.
However, at present both approaches are far from optimal,
particularly in patients with persistent forms of AF as
the rate of arrhythmia recurrence and hospitalizations
remains high (Morillo et al. 2014). Furthermore, meta-
data analysis suggests that the currently available anti-
arrhythmic drug therapy is inferior to catheter ablation
(Morillo et al. 2014; Geng et al. 2017; Chen et al. 2018).
Therefore, to develop a more effective drug therapy for
AF, a better mechanistic understanding of atrial arrhyth-
mogenesis and the mechanisms of action of different anti-
arrhythmic agents is paramount. Great variability in the
treatment outcomes also implies that the causes and mech-
anisms leading to AF are heterogeneous and therefore need
to be addressed in a more personalized fashion.

Figure 9. K+ channel agonists have no effect on CaT alternans under voltage clamp conditions
A and B, application of NS1643 (n = 8, 7 rabbits) (A) and ML277 (n = 5, 5 rabbits) (B) has no effect on the degree
of CaT alternans in AP voltage-clamped atrial myocytes, demonstrating that the effect of these compounds is
caused by shortening of APD. a, CaT alternans ratio (AR) in individual atrial myocytes before and after application
of agonists of K+ channels observed during the alternans AP stimulation protocol. b, mean CaT ARs in the
absence and presence of the K+ agonists during the same-shape APCaT Small, the same-shape APCaT Large and the
alternans AP protocol. In all groups mean CaT ARs in control and in the presence of agonists are not statistically
different.
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Our study demonstrates that AP morphology plays
an important role in the development and sustainability
of atrial alternans. We have determined that both
prolongation of APD and beat-to-beat alternation in
APD increase the severity of CaT alternans (Fig. 2).
Furthermore, we investigated whether pharmacological
modulations of AP morphology and dynamics can be
used to reduce or eliminate CaT alternans as data
obtained in voltage-clamped myocytes have suggested.
CaCCs are a major contributor to Ca2+-induced APD
alternans in rabbit atria (Kanaporis & Blatter, 2016).
Therefore, we blocked CaCCs to reduce alternation in
APD. While inhibition of CaCCs indeed greatly reduced
APD alternans, it failed to rescue or significantly reduce
the degree of CaT alternans (Fig. 3). We speculate that
CaCC inhibition fails to abolish CaT alternans due
to substantial APD prolongation (Fig. 3B) which by
itself increases the propensity of CaT alternans. While
attenuation of APD alternans alone is expected to diminish
the risk of arrhythmogenicity and can be beneficial for
arrhythmia prevention, the fact that CaT alternans pre-
cipitates into mechanical alternans constitutes a major
concern. As known for the ventricle, mechanical alternans
in failing hearts is associated with increased mortality
(Kim et al. 2014). The role of atrial contractility is
often underestimated. Active atrial contraction is crucial

Figure 10. NS1643 abolishes atrial T-wave (Ta) alternans in
Langendorff-perfused hearts
Atrial electrograms recorded from the same Langendorf-perfused
isolated rabbit heart in control and after the application of NS1643
(20 μmol l−1). In the presence of NS1643 beat-to-beat alternation of
the Ta-wave is eliminated.

for ventricular filling during ventricular diastole and
is referred to as atrial booster function or ‘atrial kick’
(Rahimtoola et al. 1975; Nicod et al. 1986; Blume
et al. 2011; Trafford et al. 2013; Hoit, 2014; Mehrzad
et al. 2014). This booster function contributes 20–40%
of the end-diastolic filling, and becomes a critical
factor for cardiac output, especially at high heart rates
and under pathological conditions involving the atrio-
ventricular valves. The significance of the atrial kick under
pathological conditions can be illustrated by a striking,
albeit unusual case where the left ventricular filling and
resulting cardiac output were reported to be exclusively
dependent on the atrial kick (Neuman et al. 2011). Given
the importance of atrial contraction for cardiac output,
mechanical alternans of the atria is expected to have
profound effects on overall cardiac performance. Thus,
from the perspective of cardiac performance it is equally
important to prevent and treat electrical (arrhythmia risk)
and mechanical (impaired haemodynamics and cardiac
output) alternans. Consequently, a desirable strategy of
alternans prevention or treatment would entail both, inter-
ventions that lower the propensity of APD as well as
mechanical and CaT alternans.

Based on the data shown in Fig. 2, we hypothesized that
APD shortening could reduce AR and ameliorate CaT
alternans. While there is a wide range of pharmacological
agents known to modulate APD, in this study we aimed at
interventions that should have minor effects on Ca2+ and
Na+ currents and therefore minimally affect excitability,
excitation–contraction coupling and Ca2+ release. We
focused on the repolarization phase of the atrial AP that
is largely governed by K+ conductances and used the
K+ channel agonists NS1643 and ML277 to selectively
increase IKr and IKs (Fig. 4) and shorten APD (Fig. 5).
Application of K+ channel agonists efficiently abolished or
attenuated CaT alternans in both field-stimulated (Fig. 6)
and current-clamped atrial myocytes (Fig. 8). Experiments
on current-clamped atrial myocytes also revealed that
NS1643 and ML277 not only abolished CaT alternans,
but also eliminated APD alternans (Fig. 8), and thus
showed the targeted therapeutic effect as discussed above.
In addition, application of NS1643 eliminated or reduced
high-rate pacing-induced atrial repolarization alternans at
the whole heart level (Fig. 10). Because both K+ channel
agonists, albeit targeting different K+ channels, essentially
produced the same results, it was concluded that the key
effect here is shortening of the AP, and that – in a more
general sense – interventions aimed at ADP shortening
represent potentially an efficient tool to limit or prevent
CaT alternans, concomitant with the elimination of APD
alternans. Furthermore, in AP voltage-clamp experiments
(Fig. 9) where APD is fixed, NS1643 and ML277 had
no effect on the CaT AR, clearly demonstrating that
suppression of CaT alternans was due to the shortening
of AP.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society



736 G. Kanaporis and others J Physiol 597.3

APD shortening might strike as a counterintuitive
strategy for AF prevention because of the notion that APD
shortening carries its own increased arrhythmogenic risk.
However, the mechanisms leading to AF are complex and
AF risk increases significantly under various pathological
conditions, such as heart failure or Brugada syndrome
(Francis & Antzelevitch, 2008). Interestingly, increased AF
risk was found in connection with both APD shortening
and prolongation (Nielsen et al. 2013). Based on our
results, we suggest that APD shortening might be a viable
anti-arrhythmic strategy in some cohorts of patients,
particularly in those exhibiting prolonged APD. The
link between AF and increased APD durations is well
documented. Atrial arrhythmias in the form of poly-
morphic atrial tachycardia and AF have been observed
regularly in patients with genetically established long QT
syndrome (LQTS) (Kirchhof et al. 2003; Johnson et al.
2008; Zellerhoff et al. 2009; Guerrier et al. 2013). A
relationship between a prolonged QT interval and an
increased risk of AF was demonstrated in various patient
cohorts as well as in general population groups (Kirchhof
et al. 2003; Mandyam et al. 2013; Nielsen et al. 2013;
Hoshino et al. 2015; O’Neal et al. 2015). Furthermore, the
risk of AF correlated with the degree of APD prolongation
(Nielsen et al. 2013; Hoshino et al. 2015). Although the
atrial and ventricular myocardium differ in their end-
owment with ion channels (see below), both tissues still
show important commonalities, a fact that suggests that
many patients with LQTS are also likely to exhibit delayed
atrial repolarization (Kirchhof et al. 2003). Moreover,
management of AF in LQTS patients is challenging because
Class Ia and Class III anti-arrhythmics commonly used for
AF treatment would result in additional AP prolongation.
Nonetheless, a case of AF prevention in a patient with
type 1 LQTS by late Na+ current blocker mexiletine
has been reported (El Yaman et al. 2008), although it
remains unclear if AF suppression was achieved due
to mexiletine-induced APD shortening or due to other
mechanisms related to the blockage of late Na+ current.

While K+ agonists are not currently used for the
management of cardiac arrhythmias, they have been
used to modify AP morphology and reduce arrhythmias
in several experimental studies. Activation of IKs (Ma
et al. 2015) or IKr (Zhang et al. 2012) in cardiomyocytes
derived from induced pluripotent stem cells isolated
from patients with LQTS was shown to restore (at least
partially) AP parameters to control levels. Several studies
have attempted to use K+ agonists to shorten APs in
intact hearts of LQTS animal models. For example,
activation of IKs was demonstrated to shorten APD
and suppress early afterdepolarizations in rabbit hearts
with acquired LQTS2 and left ventricular hypertrophy
(Xu et al. 2002). The IKr agonist NS1643 was shown
to successfully shorten the QT interval and suppress
ventricular arrhythmias in rabbits with LQTS induced

by 3 weeks of atrioventricular block with ventricular
bradypacing, and in rabbits where APD was prolonged
by dofetilide-induced IKr inhibition (Diness et al. 2008).
In another study ICA-105574 (an IKr agonist), but not
NS1643, completely prevented ventricular arrhythmias
in Langendorff-perfused guinea pig hearts caused by
IKr and IKs inhibition, although both ICA-105574 and
NS1643 could reverse the drug-induced prolongation
of APD in ventricular myocytes (Meng et al. 2013).
All aforementioned studies have focused on ventricular
arrhythmias and, to the best of our knowledge, AP
shortening as a therapeutic strategy for atrial arrhythmias
has not yet been tested. Atrial and ventricular cells are
endowed with unique, tissue-specific sets of ion channels
leading to distinctive AP morphologies, but also to
tissue-specific options for ion-channel modulation and
AP manipulation. For example, CaCCs are larger in
the atrium than in the ventricle (Szigeti et al. 1998),
and small-conductance Ca2+-activated (Tuteja et al.
2005; Hsueh et al. 2013), two-pore domain (Limberg
et al. 2011), acetylcholine-activated (Bingen et al. 2013)
and ultra-rapid rectifier (Ravens & Wettwer, 2011) K+
channels are predominantly expressed in the atria. In
addition, mutations in Kv7.1 (Chen et al. 2003; Bartos
et al. 2011) and Kv11.1 (Andreasen et al. 2013) have been
associated with familial AF. This opens an opportunity to
develop atria-specific modulators of AP morphology and
thus tissue-specific anti-arrhythmic strategies.

While we report here a potential use of IK activation
as an anti-arrhythmic strategy in the atrium, our study
also has some limitations. All experiments were performed
at room temperature (20–24°C). We (Huser et al. 2000)
and others (summarized in Euler, 1999) have shown
that the pacing frequency threshold for the occurrence
of alternans decreases with lower temperatures. By
conducting experiments at room temperature, alternans
could be studied in isolated myocytes with pacing
protocols that were significantly less stressful, allowing
for prolonged stimulation protocols and extended cell
viability over time. Furthermore, kinetic limitations of
fluorescent Ca2+ indicator dyes make reliable recording
of high-frequency CaTs difficult, and in the case of CaT
alternans the small-amplitude CaT typically starts to fuse
with the declining phase of the preceding large-amplitude
transient and thus becomes difficult to detect and to
be quantified. However, Ca2+ handling mechanisms
and pathways are temperature-dependent, particularly
ion channels showing faster kinetics at physiological
temperatures. Thus, AP morphology during alternans
might be affected differently at higher temperature. Non-
etheless, previous studies found that electrophysiological
properties of the myocardium that are potentially relevant
for the development of alternans are not significantly
different whether experiments were performed at 30 or
37°C (Myles et al. 2011), consistent with a study on
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alternans by Pastore et al. (1999) that found no mechanistic
differences between 27 and 37°C.

The use of pharmacological tools to modulate ion
channel activity raises the question of specificity of
the drugs used. DIDS, for example, is not especially
selective for CaCCs. DIDS is a widely used inhibitor
of cellular anion conductances and was demonstrated
to suppress various Cl− channels (Duan & Nattel,
1994), the Cl−/HCO3

− exchanger (Helbig et al. 1988)
and voltage-dependent anion channel in mitochondria
(Skonieczna et al. 2017). The K+ channel agonists ML277
and NS1643 are not very widely used and therefore data
on their specificity are scarce. To date no major unspecific
action of these drugs has been reported in the heart. ML277
has a more than 100-fold higher selectivity for Kv7.1 over
Kv7.2 or Kv7.4 (Yu et al. 2010). A more pronounced effect
of NS1643 on the Kv11.1b isoform than on the Kv11a iso-
form is known (Larsen et al. 2010). NS1643 also activates
other members of the hERG channel family, including
Kv11.2 (Elmedyb et al. 2007) and Kv11.3 (Bilet & Bauer,
2012), and also affects a large-conductance Ca2+-activated
K+ channel (Wu et al. 2008). However, the aim of our study
was not to determine the effect of activation of a particular
channel, rather K+ activators were used as a tool to
shorten the AP, i.e. to achieve the desired AP morphology
that was predicted to prevent the development of CaT
alternans. Therefore, in our settings a high specificity of
the compounds, while desirable, was not essential.

The perfused whole heart data shown in Fig. 10
reveal indications of a second degree 2:1 AV block, an
occurrence that was observed in several hearts tested
at high pacing rates. However, this pattern showed no
obvious correlation with the degree of Ta-wave alternans
and was not affected by the application of NS1643, i.e. the
AV block remained unchanged while NS1643 abolished or
reduced Ta-wave alternans. Therefore, it is highly unlikely
that these 2:1 AV block-like patterns contribute in any way
to the development of atrial alternans in our experimental
context.
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