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Alternans is a risk factor for cardiac arrhythmia, including atrial fibrillation. At the cellular level alternans is ob-
served as beat-to-beat alternations in contraction, action potential (AP) morphology and magnitude of the
Ca2+ transient (CaT). It is widely accepted that the bi-directional interplay between membrane voltage and
Ca2+ is crucial for the development of alternans, however recently the attention has shifted to instabilities in cel-
lular Ca2+handling,while the role of AP alternation remains poorly understood. This studyprovides new insights
how beat- to-beat alternation in AP morphology affects occurrence of CaT alternans in atrial myocytes.
Pacing-induced AP and CaT alternans were studied in rabbit atrial myocytes using combined Ca2+ imaging and
electrophysiological measurements. To determine the role of APmorphology for the generation of CaT alternans,
trains of two voltage commands in form of APs recorded during large and small alternans CaTs were applied to
voltage-clamped cells. APs of longer duration (as observed during small amplitude alternans CaT) and especially
beat-to-beat alternations in AP morphology (AP alternans) reduced the pacing frequency threshold and in-
creased the degree of CaT alternans. AP morphology contributes to the development of CaT alternans by two
mechanisms. First, the AP waveform observed during small alternans CaTs coincided with higher end-diastolic
sarcoplasmic reticulum Ca2+ levels ([Ca2+]SR), and AP alternans resulted in beat-to-beat alternations in end-di-
astolic [Ca2+]SR. Second, L-type Ca2+ current was significantly affected by AP morphology, where the AP wave-
form observed during large CaT elicited L-type Ca2+ currents of highermagnitude and faster kinetics, resulting in
more efficient triggering of SR Ca2+ release.
In conclusion, alternation in APmorphology plays a significant role in the development and stabilization of atrial
alternans. The demonstration that CaT alternans can be controlled or evenprevented bymodulating APmorphol-
ogy has important ramifications for arrhythmia prevention and therapy strategies.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Cardiac alternans is linked causally to cardiac arrhythmias, including
atrial fibrillation [1–4], and sudden cardiac death [5–7]. 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.

The strong correlation between AP and CaT alternans was demon-
strated at whole heart and single cell levels [8,9], and it is generally
orded during a large amplitude
g a small amplitude alternans
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anaporis),
agreed that the relationship between cytosolic Ca2+ concentration
([Ca2+]i) andmembrane potential (Vm) plays a key role for the genera-
tion of alternans. While it is still debated whether disturbances of Vm or
[Ca2+]i regulation are the primary cause of alternans (summarized e.g.
in [10,11]), growing evidence indicates that alternans is initiated by dis-
turbances of intracellular Ca2+ handling [8,12–15]. The demonstration
that CaT alternans can be elicited in voltage-clampedmyocytes without
beat-to-beat variation in Vm [8,15,16] provided strong evidence that AP
alternation is not an absolute requirement for CaT alternans to occur,
and instabilities of Ca2+ handling that lead to alternans are an inherent
property of the cardiac myocytes. However, these observations cannot
rule out a role of beat-to-beat alternations ofmembrane voltage dynam-
ics for the development of cardiac alternans. Themain support for Vm as
an important contributor to alternans comes from computational car-
diomyocyte models [17–19]. Because of the complexity of the bi-direc-
tional coupling between Vm dynamics and intracellular Ca2+ handling
the experimental distinction between effects of Ca2+ and Vm is compli-
cated and therefore experimental data on how AP morphology affects
development of CaT alternans is scarce.
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Fig. 1. Simultaneous CaT and AP alternans recording. A, Simultaneous recordings of APs
and [Ca2+]i from a single atrial myocyte under current clamp conditions and loaded
with Indo-1. B, Typical AP waveforms recorded during large (APCaT_Large) and small
(APCaT_Small) alternans CaTs used as voltage commands to pace cells during AP voltage
clamp experiments.
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Most of the research on themechanisms of alternanswas performed
in ventricular myocytes and tissue. In contrast, the interplay between
Vm and Ca2+ in the atria and its ramification for atrial alternans remains
poorly investigated despite the known connection between alternans
and cardiac arrhythmia and the fact that atrial fibrillation is the most
common cardiac rhythm disorder. Recently we have demonstrated
that in atrial myocytes disturbances in Ca2+ cycling are a leading
cause for the development of alternans, and alternans can be sup-
pressed when release of Ca2+ from the sarcoplasmic reticulum (SR) is
blocked [8]. However, these findings did not exclude the possibility
that Vm dynamics also play an important role in the generation of
alternans. Therefore, in this study we set out to determine the effects
of alternating AP morphology on intracellular Ca2+ handling and the
development of alternans in atria. In summary, here we demonstrate
that, while beat-to-beat disturbances of cellular Ca2+ handling are the
main cause for the development of cardiac alternans, both AP morphol-
ogy and beat-to-beat alternations in AP dynamics play an important role
inmodifying the onset and degree of CaT alternans by affecting diastolic
SR Ca2+ load and kinetics of L-type Ca2+ current (ILCC).

2. Methods

2.1. Myocyte isolation

Atrialmyocyteswere isolated frommale New ZealandWhite rabbits
(~2.5 kg; Harlan Laboratories, Indianapolis, IN, USA). All procedures and
protocols were approved by the Institutional Animal Care andUse Com-
mittee of Rush University and comply with the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. Rabbits
were anaesthetized with an intravenous injection of sodium pentobar-
bital (100 mg/kg) and heparin (1000 UI/kg). Hearts were excised,
mounted on a Langendorff apparatus and retrogradely perfused via
the aorta. After an initial 5 min perfusion with oxygenated Ca2+-free
Tyrode solution (in mM: 140 NaCl, 4 KCl, 10 D-glucose, 5 Hepes, 1
MgCl2, 10 BDM, 1000 UI/l Heparin; pH 7.4 with NaOH), the heart was
perfused with minimal essential medium Eagle (MEM) solution con-
taining 20 μM Ca2+ and 22.5 μg/ml Liberase TH (Roche Diagnostic Cor-
poration, Indianapolis, IN, USA) for ~20min at 37 °C. The left atriumwas
dissected from the heart and minced, filtered and washed in a MEM so-
lution containing 50 μMCa2+ and 10mg/ml bovine serum albumin. Iso-
lated cells were washed and kept in MEM solution with 50 μM Ca2+ at
room temperature (20–24 °C) and were used within 1–8 h after
isolation.

2.2. Solutions and experimental conditions

The standard Tyrode external solution was composed of (in mM):
135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, 10 D-glucose; pH 7.4 with
NaOH. All chemicals and reagents were from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise stated. All experiments were performed at
room temperature (20–24 °C).

2.3. Electrophysiological measurements

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 in-
terface and pCLAMP 10.2 software (Molecular Devices, Sunnyvale,
CA). Current and AP recordingswere low-pass filtered at 5 kHz and dig-
itized at 10 kHz.

For patch clamp experiments pipettes (1.5–3MΩ filledwith internal
solution) were pulled from borosilicate glass capillaries (WPI, Sarasota,
FL, USA) with a horizontal puller P-97 (Sutter Instruments, Novato, CA,
USA) and filled with internal solution containing (in mM): 130 K+ glu-
tamate, 10NaCl, 10 KCl, 0.33MgCl2, 4MgATP, and 10Hepeswith pH ad-
justed to 7.2with KOH. For simultaneous [Ca2+]imeasurements 100 μM
Fluo-4 pentapotassium salt or Indo-1 pentapotassium salt (both fluo-
rescent probes from Molecular Probes/Thermo Fisher Scientific, Wal-
tham, MA) was added to the internal solution. Internal solutions were
filtered through 0.22-μm pore filters. 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
~1.5–2 times higher than AP activation threshold. Vm measurements
were corrected for a junction potential error of−10 mV.

For AP clamp experiments voltage commands in form of atrial APs
were generated from averages of APs (3 consecutive APs/cell) recorded
from three individual cells paced at 1.3 Hz and exhibiting CaT alternans
(Fig. 1). These representative AP waveforms were used in all AP voltage
clamp experiments. Thus, the AP voltage commands were not specific
for an individual cell and therefore are expected to differ marginally
from the endogenous AP of a specific cell. Two voltage commands
were generated: APCaT_Large representing APs recorded during large
CaTs, and APCaT_Small, the AP-waveform observed during small CaTs.
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 be-
tween AP voltage commands. For statistical analysis of CaTs properties
and CaT alternans only the last 6 CaTs elicited by the pacing protocol
were analyzed to ensure that recordings were done at steady-state
conditions.

L-type Ca2+ current (ILCC) was measured as nifedipine (100 μM)
sensitive current during AP clamp experiments under conditions
where all other currents were blocked. K+ currents were suppressed
by the replacing all K+ ions with Cs+ in both extracellular and intracel-
lular solutions, Cl− channels were blocked with 300 μM 4,4′-
diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS), and Na+/Ca2+ ex-
change (NCX) and Na+ currents were eliminated by replacing all extra-
cellular and intracellular Na+with tetraethylammonium (TEA). An agar
salt bridge (1 M KCl) was used to minimize potential shifts during bath
solution changes.
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2.4. Cytosolic and SR [Ca2+] measurements

2.4.1. Cytosolic [Ca2+]i
[Ca2+]i was monitored simultaneously with APs (current clamp

mode) or membrane currents (Im; AP voltage clamp mode). For
[Ca2+]i measurements cells were loaded with fluorescent probes Fluo-
4 pentapotassium salt (100 μM) or Indo-1 pentapotassium salt
(100 μM) via the patch pipette. 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 photomultiplier tube. Background-
subtractedfluorescence emission signals (F) were normalized to resting
fluorescence (F0) recorded under steady-state conditions at the begin-
ning of an experiment, and changes of [Ca2+]i are presented as changes
of F/F0. Indo-1 fluorescence was excited at 357 nm (Xe arc lamp) and
emitted cellular fluorescence was recorded simultaneously at 405 nm
(F405) and 485 nm (F485) with photomultiplier tubes. F405 and F485 sig-
nals 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 10.2
software. Fluorescence signals were low-pass filtered at 50 Hz.

2.4.2. SR [Ca2+] and SR Ca2+ load
For SR [Ca2+] ([Ca2+]SR) measurementsmyocytes were loadedwith

Fluo-5N/AM (10 μM; Molecular Probes/Thermo Fisher Scientific) for
90 min at 37 °C followed by washout (N20 min) in Tyrode solution.
Fluo-5N fluorescencewas excited at 485 nmwith a Xe arc lamp and col-
lected at 515 nm using a photomultiplier tube. Background-subtracted
fluorescence emission signals (F) were normalized to resting fluores-
cence (F0) recorded under steady-state conditions at the beginning of
an experiment, and changes of [Ca2+]SR are presented as changes of F/
F0. In addition to the Fluo-5N measurements SR Ca2+ load was deter-
mined with two additional approaches: 1) measurement of the
[Ca2+]i amplitude elicited with rapid application of caffeine (10 mM),
and 2) as the integral of the NCX current recorded during the caffeine
application.

2.4.3. CaT alternans
CaT alternans was induced by incrementally increasing the pacing

frequency until stable alternans was observed. 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 ampli-
tudes of the large and small CaTs from 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+ re-
lease is completely abolished on every other beat. CaTs were considered
alternating when the beat-to-beat variation in CaT amplitude exceeded
10% (AR N 0.1) [8]. The amplitude of a CaT was measured as the differ-
ence in F405/F485 or F/F0 measured immediately before the stimulation
pulse and the peak of the CaT.

2.5. 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 and paired Student's t-test and differ-
ences were considered significant at p b 0.05.

3. Results

3.1. APmorphology affects intracellular Ca2+ release and generation of CaT
alternans

To determine how AP morphology affects intracellular Ca2+ release
in atrial myocytes [Ca2+]i measurements were conducted under AP
voltage clamp conditions. To generate AP voltage command signals,
CaT and Vm were recorded first under current clamp conditions during
pacing-induced CaT alternans (Fig. 1). Fig. 1A shows a sequence of CaTs
and APs with beat-to-beat alternating morphology. Fig. 1B shows the
two representative AP waveforms recorded in current clamp experi-
ments during CaT alternans that were used for all subsequent AP
clamp experiments as voltage commands. APCaT_Large refers to the AP re-
corded during the large amplitude alternans CaT, whereas APCaT_Small

was recorded during the small amplitude alternans CaT. During AP
clamp experiments cellswere stimulatedwith the followingpacingpro-
tocols: (i) same-shape APCaT_Large protocol; (ii) same-shape APCaT_Small

protocol; and (iii) alternans AP protocol. First, the effect of the two AP
waveforms on CaTs properties was analyzed at lower pacing frequency
(1.19 Hz) that did not exhibit CaT alternans when paced with same-
shape AP protocols (Fig. 2A). To ensure steady-state conditions, only
the last six CaTs recorded at the end of the pacing protocol (consisting
of a total of 24 stimuli) were included in the statistical analysis. CaTs
elicited with the same-shape APCaT_Small were 18± 2% larger in magni-
tude (Fig. 2B and C) compared to CaT induced by the same-shape
APCaT_Large protocol (n= 17). Interestingly, when the alternans AP pro-
tocol was applied at the same pacing frequency CaT alternans were in-
duced (i.e. the pacing threshold for alternans decreased) and a
reversal of the CaT amplitude-AP morphology relationship was ob-
served. Now Ca2+ release of larger magnitude (by 17 ± 3%, n = 16)
was elicited with the APCaT_Large voltage command (Fig. 2B and C). Fur-
thermore, the APwaveform also affected the time to 80% of the CaT peak
(t80%_peak). The mean t80%_peak recorded during the same-shape
APCaT_Large protocol (54.5 ± 3.3 ms, n = 17), was significantly shorter
(p b 0.0005) than during same-shape APCaT_Small protocol (73.5 ±
5.4 ms, n = 17). The same tendency remained when cells were stimu-
lated with the alternans AP protocol: t80%_peak was 57.1 ± 2.8 and
68.2 ± 5.1 ms (p b 0.01, n = 16) for APCaT_Large and APCaT_Small,
respectively.

An increase in pacing frequency led to the development of CaT
alternans also with the same-shape AP clamp protocols. Fig. 3A demon-
strates a typical course of alternans development during the same-
shape and alternans AP clamp protocols (all traces were recorded
from the same atrial myocyte). Same-shape APCaT_Small protocols elicit-
ed CaT alternans at lower pacing frequency and with larger alternans
ratio (AR, defined as 1 − [Ca2+]i,Small / [Ca2+]i,Large, where [Ca2+]i,Large
and [Ca2+]i,Small are the amplitudes of the large and small CaTs from a
pair of alternating CaTs.) than the same-shape APCaT_Large protocol. The
alternans AP clamp protocols further increased the degree of CaT
alternans and lowered the pacing threshold where CaT alternans oc-
curred (summarized in Fig. 3B). These data clearly demonstrate that
AP morphology plays an important role for modulating intracellular
Ca2+ release. AP morphology affects the threshold frequency for CaT
alternans induction and determines the degree of CaT alternans. Fur-
thermore, beat-to-beat alternation in AP waveform further contributes
to the severity of CaT alternans.

3.2. In-phase and out-of-phase CaT and AP alternans

In the next set of the experimentswe investigated factors that deter-
minewhether AP andCaT alternans are in-phase or out-of-phase during
alternans AP clamp. Here, “in-phase” refers to the situation where a
large CaT coincides with APCaT_Large and a small CaT is recorded with
APCaT_Small during the alternans AP clamp segment of the protocol. In
contrast, “out-of-phase” refers to a large CaT coinciding with APCaT_Small

and the subsequent small CaT coincidingwith APCaT_Large. In these series
of experiments the pacing protocols were combined: either one of the
two same-shape AP pacing protocols was immediately followed by
the alternans AP protocol and cells were stimulated at a rate that in-
duced stable CaT alternans during the preceding same-shape AP
clamp protocol. At the transition from the same-shape AP to the
alternans AP protocol two scenarios are possible: CaT alternans enter
the alternans AP clamp pacing phase being “in-phase” or “out-of-
phase” with the AP clamp voltage command. Fig. 4 illustrates the



Fig. 2. Effect of APmorphologyonCaTs properties. A, CaTs (top) elicitedwith same-shapeAPCaT_Large, same-shapeAPCaT_Small and alternansAP-clampprotocols (bottom) recorded from the
same atrialmyocyte at 1.19 Hz stimulation frequency. B, Overlays of CaTs elicitedwith APCaT_Large and APCaT_Small voltage commands during same-shape and alternans AP clamp protocols.
Traces represent average of three consecutive CaTs recorded from the same cell as in panel A. C, Summary data for amplitudes and time to 80% of peak of CaTs recorded during same-shape
and alternans AP voltage clamp protocols. Data are normalized to CaTs elicited with same-shape APCaT_Large pacing protocol (n = 17). *p b 0.01, **p b 0.005, ***p b 0.0005.

Fig. 3. AP waveforms modulate severity of CaT alternans. A, CaTs elicited with same-shape APCaT_Large, same-shape APCaT_Small and alternans AP clamp protocols recorded from the same
atrial myocyte at different pacing frequencies. B, Pacing with same-shape APCaT_Small waveforms (open circles, n = 30) enhances degree of CaT alternans compared to APCaT_Large stimuli
(black squares, n = 28). CaT alternans ratio (AR) is further increased during the alternans AP voltage clamp protocol (grey triangles, n = 18). Dashed line indicates definition of CaT
alternans (AR N 0.1).
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Fig. 4. In-phase and out-of-phase alternans during AP voltage clamp protocols. Same-shape AP voltage clamp protocols were followed by alternans AP voltage protocol. A, In-phase
alternans. Aa, Example of sequence of same shape APCaT_Small voltage commands followed by alternans AP clamp protocol (bottom). CaT alternans are in-phase at the switch to the
alternans AP clamp protocol and remain in-phase (top). Ab, average CaT ARs observed during stimulation with same-shape AP voltage commands (left: APCaT_Large; right: APCaT_Small)
followed by alternans AP clamp protocol. Data refer only to the cells that are in-phase at the transition to the alternans protocol. B, Out-of-phase alternans. Ba, Examples of CaT
alternans that are out-of-phase at the switch to the alternans AP clamp protocol, which leads either to a phase shift to in-phase (top) or remains out-of-phase (middle). Bottom:
voltage clamp protocol. Bb, in the majority of cases a phase shift to in-phase occurred when the cell entered the alternans protocol out-of-phase, irrespective whether the preceding
same-shape protocol consisted of APCaT_Large (circles) or APCaT_Small (triangles). The ability to change phase was determined by the degree of CaT alternans. Cells exhibiting CaT ARs
lower than ~0.6 during the same-shape AP protocols were capable to reverse CaT alternans phase, while cells with higher CaT AR were not likely to change phase. Bc, Change of phase
during alternans AP protocol resulted in increased AR. When CaTs alternans remained out-of-phase to AP alternans, no change or a decrease in AR was observed. Data is obtained from
a total of 17 myocytes. *p b 0.05, **p b 0.01, ***p b 0.0005.
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possibilities of alternans phase using a protocol where the same-shape
APCaT-Small protocol is followed by the alternans AP clamp protocol.
Fig. 4A demonstrates the situation when the cell entered the alternans
AP clamp phase “in-phase”. In this case alternans remained in-phase
during the entire alternans AP clamp protocol and increase in AR was
observed (Fig. 4Ab). The same behavior was found when cells entered
the alternans AP clamp period in-phase, but from a same-shape APCaT-
Large protocol (no traces shown, but summarized in Fig. 4Ab). However,
when the cell entered the alternans AP clamp protocol “out-of-phase”
two different patterns were observed: either the CaT alternans
remained out-of-phase (Fig. 4Ba middle trace) or the cell underwent a
phase shift and reverted to in-phase over the course of several beats
(Fig. 4Ba upper trace). These two possibilities were observed irrespec-
tive whether the alternans AP clamp protocol was preceded by the
same shape APCaT_Small (illustrated in Fig. 4Ba) or by the same shape
APCaT_Large (no example shown) protocol. The ability of the cell to re-
verse CaT alternans phase correlated with degree of CaT alternans. Fig.
4Bb shows ARs from individual cells during the same shape AP clamp
protocol (same shape APCaT_Large protocol: open circles; same shape
APCaT_Small protocol: open triangles) that entered the alternans AP
clamp protocol out-of-phase and subsequently underwent a phase
shift (left panel) or remained out-of-phase (right panel). Fig. 4Bc
shows average ARs during both periods of the protocol for the different
scenarios: the mean CaT ARs during the initial same-shape AP clamp
protocol for the population of cells that changed phase were 0.26 ±
0.05 (n = 10) for the APCaT_Large and 0.41 ± 0.05 (n = 12) for the
APCaT_Small protocol, respectively. This group further revealed a signifi-
cant AR increase during the subsequent alternans AP clamp protocol.
The cells that failed to change the phase exhibited significantly higher
AR during the initial same-shape AP protocol pacing: 0.58 ± 0.10
(p b 0.05) and 0.84 ± 0.06 (p b 0.0005) for APCaT_Large and APCaT_Small,
respectively. In this case the AR remained constant or even decreased
during the subsequent alternans AP clamp protocol.

In summary, data shown in Fig. 4 revealed a genuine tendency to re-
tain or reestablish an in-phase pattern of AP and CaT alternans. When
cells entered the alternans AP clamp protocol in-phase, alternans
remained in-phase and no change in phase was observed. A phase
shiftwas only observedwhen cells entered the alternans clampprotocol
out-of-phase, and only remained out-of-phasewhen the CaT ARwas al-
ready sufficiently high at that point.

3.3. AP morphology modulates sarcoplasmic reticulum Ca2+ load

In Fig. 2 we demonstrated a relationship between AP morphology
and CaT magnitude, where during the same-shape AP clamp protocols
larger CaTs are elicited by the APCaT_Small waveform compared to
APCaT_Large, but this AP-CaT relationship reversed during the alternans
AP clamp protocol. Thus, these observations suggest that the properties
of CaTs are influenced by the AP morphology of the preceding beat.
Since the magnitude of a CaT is strongly dependent on the availability
of releasable Ca2+ from the SR, we tested the hypothesis that AP mor-
phology directly affected SR Ca2+ load. We explored the relationship
between AP shape and SR Ca2+ load by different complimentary ap-
proaches. First, [Ca2+]SR was directly measured with the low affinity
Ca-sensing dye Fluo-5N entrapped in the SR (Fig. 5A). The data show
that end-diastolic [Ca2+]SR was elevated when myocytes were paced
with same-shape APCaT_Small protocol compared to the same-shape
APCaT_Large protocol. In addition, beat-to-beat alternations in end-dia-
stolic [Ca2+]SR were observed during the alternans AP protocol. Here,
the lower end-diastolic [Ca2+]SR before an APCaT_Small was followed by



Fig. 5.APmorphology affects SRCa2+ load. A, [Ca2+]SRmeasurementswith Fluo-5N fromvoltage clampedmyocytes. The samemyocytewas exposed to three different AP clampprotocols.
End-diastolic [Ca2+]SR was higher during the same-shape APCaT_Small protocol compared to APCaT_Large and revealed [Ca2+]SR alternans during the alternans AP clamp protocol. B,
Simultaneous membrane current (top) and [Ca2+]i (middle) recording from an AP voltage clamped myocyte using the same-shape APCaT_Large protocol (bottom), followed by rapid
application of caffeine (10 mM). C, SR Ca2+ load estimated from the integral of the membrane current induced by caffeine and representing extrusion of Ca2+ released from the SR via
NCX. Caffeine was applied after pacing with same-shape APCaT_Large (n = 7), same-shape APCaT_Small (n = 7) and alternans AP voltage clamp (n = 6) protocols. D, SR Ca2+ load
estimated from the normalized amplitudes of the cytosolic CaTs elicited with caffeine using the same protocols as in panel C. SR Ca2+ load was consistently higher after APCaT_Small.
*p b 0.05.

54 G. Kanaporis, L.A. Blatter / Journal of Molecular and Cellular Cardiology 105 (2017) 49–58
a smaller depletion amplitude duringAPCaT_Small resulting in a small am-
plitude cytosolic CaT (Fig. 2). To confirm the Fluo-5N results, we also de-
termined SR Ca2+ load by measuring the cytosolic CaT amplitude
elicited by rapid application of caffeine (10 mM) and by quantifying
the time integral of the NCX current recorded during caffeine applica-
tion (Fig. 5B). NCX current integral (Fig. 5C) and CaT amplitude (Fig.
5D) were measured immediately after cell pacing with the same-
shape APCaT_Large, same-shape APCaT_Small and the alternans AP
clamp protocol (thereby distinguishing whether APCaT_Large or
APCaT_Small was the last stimulus applied before caffeine exposure).
These data are summarized in figures 5C and 5D and indicate that
during pacing with same-shape or alternans AP protocols a higher
SR load was reached when myocytes were stimulated with the
APCaT_Small waveform before application of caffeine, consistent with
the Fluo-5N measurements.

3.4. AP morphology determines kinetics of L-type Ca2+ current and the ef-
ficiency of Ca2+-induced Ca2+ release

The data shown in Fig. 5 demonstrate a relationship between AP
morphology and SR Ca2+ load, and based on the data from Figs. 2 and
5 alone, SR Ca2+ load could - at least qualitatively - explain cytosolic
CaT alternans, along the line of studies that suggested SR Ca2+ load as
an important player in the development of cardiac alternans [13,20,
21]. However, our results shown in Fig. 6 demonstrate that APmorphol-
ogy additionally modulates CaTs by a mechanism independent of
changes in [Ca2+]SR. In this series of experiments same-shape
APCaT_Large and APCaT_Small protocols were used in sequence. It was con-
sistently observed that the first CaT elicited with APCaT_Small waveform
following a sequence of APCaT_Large stimuli was significantly smaller
than the preceding CaT (Fig. 6A). The opposite was true when cells
were stimulated with a series of APCaT_Small, followed by the APCaT_Large
sequence. In this case the CaT inducedwith the first APCaT_Large stimulus
was significantly larger (Fig. 6B). This change in CaT amplitude cannot
be explained by differences in [Ca2+]SR, as Ca2+ available for release
from SR is determined by the preceding pulses. Therefore, assuming
that during cell stimulation with the same-shape protocol a steady-
state Ca2+ loading of the SR is reached, the amount of Ca2+ available
for release at the first AP-command of different shape is the same as
for the preceding AP stimulation. Consequently, it can be concluded
that for a given [Ca2+]SR the APCaT_Large waveform is more efficient in
triggering SR Ca2+ release.

It has been suggested that APmorphology affects L-type Ca2+ chan-
nels and modifies excitation-contraction coupling (ECC) in ventricular
myocytes [22,23]. Therefore, we tested the hypothesis that the AP
waveform determined magnitude and kinetics of ILCC and thus the effi-
ciency of the trigger of Ca2+-induced Ca2+ release (CICR). Typical traces
of ILCC recorded during APCaT_Large and APCaT_Small in the absence of CaT
alternans from the same atrial myocyte are shown in Fig. 7A. The
APCaT_Large voltage protocols elicited ILCC of larger magnitude but faster
inactivation compared to ILCC induced with the APCaT_Small voltage com-
mand (Fig. 7B). The duration of ILCC (measured at 80% inactivation) was
87 ± 3 ms (n= 6) elicited by APCaT_Large, and 239 ± 23ms (n= 6) for
APCaT_Small (Fig. 7Ba). The mean peak ILCC (measured as the peak



Fig. 6.APCaT_Large and APCaT_Small waveforms differ in CaT triggering efficiency. Aa, In the absence of CaT alternans, when the same-shape APCaT_Large protocol is followed by the same-shape
APCaT_Small protocol the CaT transient elicited by the first APCaT_Small stimulus (indicated by the arrow) exhibits a decreased amplitude. Ab, Summary data of CaT amplitudes during initial
stimulation with same-shape APCaT_Large protocol and the first CaTs after the switch of protocol to APCaT_Small (n = 17). Data are normalized to the CaT amplitudes observed during the
initial stimulation with same-shape APCaT_Large. Ba, When same-shape APCaT_Small protocol is followed by the same-shape APCaT_Large protocol, the first APCaT_Large command elicits CaT
of larger amplitude (indicated by the arrow). Bb, Summary data of CaT amplitudes during initial stimulation with same-shape APCaT_Small protocol and the first CaT elicited with
APCaT_Large (n = 16). Data are normalized to the CaT amplitudes during same-shape APCaT_Small protocol. *p b 0.05, **p b 0.0001.
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amplitude of the nifedipine (100 μM) sensitive current) was 2.4 ± 0.4
and 1.3 ± 0.2 pA/pF for APCaT_Large and APCaT_Small, respectively (n =
6). However, the net Ca2+ influx into the cell, estimated from the
Fig. 7. AP alternans determines magnitude and kinetics of L-type Ca2+ current. A, Representati
atrialmyocyte paced at 0.7 Hz (no CaT alternans). B, Summary data of ILCC kinetics: duration of IL
ILCC time integrals elicited with APCaT_Large and APCaT_Small waveforms and normalized to APCaT_
integral of ILCC, was essentially identical during both voltage commands
(Fig. 7Bb). The data show that APCaT_Large elicits an ILCC that is more effi-
cient as trigger of CICR. Thus, AP morphology determines ILCC and CICR
ve traces of ILCC elicited with APCaT_Large and APCaT_Small voltage commands from the same
CCmeasured at 80% inactivation of peak current (Ba; n=6), and (Bb) average peak ILCC and
Large (n = 6). *p b 0.05, **p b 0.0001.
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trigger efficiency and the beat-to-beat alternations of ILCC in turn con-
tribute to CaT alternans.

4. Discussion

In this study we investigated the effect of beat-to-beat alternations
in AP morphology on the development of CaT alternans in rabbit atrial
myocytes. The main findings are: i) pacing-induced CaT alternans
were paralleled by electrical alternans characterized by distinct APmor-
phologies coinciding with the large and small amplitude CaTs
(APCaT_Large and APCaT_Small measured under current clamp conditions);
ii) AP clamp experiments applying various combinations of APCaT_Large
and APCaT_Small command voltage protocols revealed that APmorpholo-
gy determined pacing frequency threshold and degree of CaT alternans
(AR), where iii) the latter was a dual effect of APmorphology on the ef-
ficiency of ILCC as the trigger of CICR and on SR Ca2+ load.

4.1. Putative mechanisms of cardiac alternans

In cardiac myocytes electrical, mechanical and Ca2+ alternans are
strongly correlated [8,9,24,25]. Beat-to-beat regulation of [Ca2+]i and
Vm is bi-directionally coupled with complex feedback mechanisms be-
tween these two parameters. Disturbances of this relationship are con-
sidered to cause electromechanical and CaT alternans [10,26,27].

Early studies have focused on AP restitution as an underlying mech-
anism of cardiac alternans [28,29]. By this hypothesis at high pacing fre-
quency shortening of the diastolic interval leads to incomplete recovery
of ion currents and therefore to beat-to-beat alternation in AP duration
(APD). APD alternans then results in CaT alternans due to Vm-depen-
dent regulation of Ca2+ influx through L-type Ca2+ channels and
Ca2+ extrusion via NCX. However, more recent findings that CaT
alternans can be elicited in voltage-clamped myocytes in the absence
of beat-to-beat alternans in Vm [8,15,16,30,31] and therefore in the ab-
sence of AP alternans, support the alternative hypothesis that distur-
bances of intracellular Ca2+ handling is the primary cause of
alternans. CaT alternans results in AP alternans by the activity of
Ca2+-regulated ion conductances such as NCX [32,33], L-type Ca2+

[32], Ca2+-activated chloride [30], small conductance Ca2+-activated
K+ channel currents [34]. A popular candidate for the underlyingmech-
anism for CaT alternans was beat-to-beat fluctuations in SR Ca2+ load
[13,20,21], however others have demonstrated that CaT alternans
could be observed without alternans in diastolic [Ca2+]SR [25,35]. As
an alternative to the SR Ca2+ load hypothesis, beat-to-beat differences
in refractoriness of SR Ca2+ release was suggested [14,36–38].

The importance of Vm in alternans development was primarily sug-
gested by simulation studies [17–19], but had scarce experimental sup-
port. Without challenging the general notion that the primary defect
leading to cardiac alternans resides in Ca2+ signaling disturbances, in
the present study we provide new experimental evidence that beat-
to-beat alternation in APmorphology plays an important role in the sus-
tainability and degree of CaT alternans.

4.2. The role of AP morphology in the development of CaT alternans

In rabbit atrial myocytes pacing-induced CaT and AP alternans are
strongly correlated and distinctive AP waveforms coincide with large
and small CaTs [8]. APs recorded with the current clamp technique
(Fig. 1) during large amplitude alternans CaT exhibited a faster repolar-
ization rate, were significantly shorter at 30% repolarization and slightly
prolonged at 90% repolarization level [8]. These characteristic AP wave-
forms during CaT alternans were used to generate different voltage
command sequences for AP clamp experiments aimed at experimental-
ly emulate Vm changes during AP alternans. The results strongly suggest
that AP morphology and beat-to-beat alternation in AP shape play a
very important role in the regulation of intracellular Ca2+ handling
and consequently the phenotype of CaT alternans. This conclusion is
based on the following observations: (a) while previous studies have
emphasized the role of disturbances in Ca2+ handling and have demon-
strated CaT alternans in the absence of Vm alternans [8,15,16], here we
demonstrate that beat-to-beat alternations in AP morphology can in-
duce CaT alternans at lower pacing rates where CaT alternans are not
observed when beat-to-beat AP morphology was kept constant (Figs.
2 and 3A). (b) The alternans AP-clamp protocol induced CaT alternans
of higher degree (higher AR; Fig. 3) than the same-shape AP clamp pro-
tocols. (c) Applying a same-shape AP clamp protocol, for any given pac-
ing frequency the APCaT_Small waveform induced more pronounced CaT
alternans with higher AR compared to the APCaT_Large protocol,
underscoring the importance of AP morphology for the generation of
CaT alternans (Fig. 3). (d) CaT alternans have a strong tendency to be
“in-phase”, i.e. during alternans AP clamp the APCaT_Large voltage com-
mand usually elicits large CaT. When cells are ‘forced’ into “out-of-
phase” conditions cells typically revert to an in-phase pattern. Only
when CaT alternans is very pronounced (high AR) the out-of-phase pat-
tern prevails (Fig. 4).

4.3. Alternation in APmorphology determines beat-to-beat variations in SR
Ca2+ load during CaT alternans

While a positive correlation between APD and SR Ca2+ load is well
known [23,39] it has not been shown experimentally under alternans
conditions. Here we present new experimental evidence that the
changes in AP morphology during alternans affect diastolic SR Ca2+

load to the extent that it has direct consequences for the development
of CaT alternans. By measuring [Ca2+]SR directly and dynamically with
the SR entrapped lowaffinity Ca2+ probe Fluo-5N (Fig. 5A)we observed
end-diastolic [Ca2+]SR alternans during alternans AP clamp conditions.
Measuring cytosolic CaTs and NCX currents elicited with rapid caffeine
applications under alternans AP clamp conditions confirmed the Fluo-
5N results (Fig. 5B-D). In addition, AP morphology determined proper-
ties of CaT and end-diastolic [Ca2+]SR even at pacing frequencies
below the CaT alternans threshold. The same-shape AP clamp protocol
using the APCaT_Small waveform consistently induced CaTs of largermag-
nitude and led to higher end-diastolic [Ca2+]SR than the same-shape
APCaT_Large clamp protocol. This AP shape-CaT magnitude relationship
was however reversed during alternans AP clamp protocol where larger
CaTs were elicited with APCaT_Large (Fig. 2). The data suggest that AP
morphology modulates SR Ca2+ load and suggests that beat-to-beat al-
ternations of end-diastolic [Ca2+]SR constitutes a contributing factor to
CaT alternans as suggested in the earlier studies [13,35]. However, the
putative dependence of CaT alternans on AP morphology cannot be ex-
plained on the basis of SR Ca2+ load alone.

4.4. CaT alternans aremodulated by APmorphology-dependent ILCC kinetics
and trigger efficiency of CICR

An important finding of our study is the demonstration that APmor-
phology directly contributes to the development of alternans by deter-
mining ECC efficiency. At constant beat-to-beat [Ca2+]SR the
APCaT_Large waveform is a more efficient trigger for CICR than APCaT_Small

(Fig. 6). Previously, Sah et al. [23,40] showed that ECC is affected by the
AP repolarization rate in rat ventricularmyocytes and this effect was at-
tributed to themodulation of Ca2+ influx through LCCs. We report sim-
ilar findings here in rabbit atrial myocytes and we demonstrate that AP
morphology during alternans determines amplitude and kinetics of ILCC
(Fig. 7). ILCC elicited with APCaT_Large exhibits a larger amplitude and
therefore is more efficient in triggering CICR (Fig. 7B), despite the fact
that the total Ca2+ influx into the cell (estimated from integration of
total ILCC during the AP) is virtually identical for both AP waveforms.
Thus, the amount of Ca2+ entering the cell during both APCaT_Large and
APCaT_Small are the same, and therefore the increased [Ca2+]SR during
pacing with APCaT_Small (Fig. 5) cannot be attributed to an increased
Ca2+ entry. However, changes in SR Ca2+ load can be, at least partially,



57G. Kanaporis, L.A. Blatter / Journal of Molecular and Cellular Cardiology 105 (2017) 49–58
explained by the AP-morphology dependent CaT triggering efficiency -
i.e. the APCaT_Small waveform elicits an ILCC of smaller amplitude that is
less efficient in triggering SR release. Consequence of a smaller SR
Ca2+ release is a higher [Ca2+]SR available for the next beat. Taken to-
gether, the data suggest that AP morphology during CaT alternans de-
termines the efficiency of CICR mediated by peak ILCC and secondarily
leads to beat-to-beat fluctuations of [Ca2+]SR which in turn stabilizes
and potentially enhances the degree of CaT alternans.

4.5. Summary and outlook

To date the vastmajority of the studies focusing on cardiac alternans
mechanisms were performed on ventricular tissue, despite the
established notion that atrial alternans is causally linked to atrial fibril-
lation, the most frequent cardiac arrhythmia [1–4]. Notwithstanding
similarities, atrial and ventricular cells exhibit significant differences in
both intracellular Ca2+ handling and plasmalemmal ion channel ex-
pression [41,42]. This study provides new insights into alternansmech-
anisms in the atrium. While the importance of the bi-directional
coupling between Vm and Ca2+ for the development of cardiac
alternans is widely accepted and cannot be stressed enough, recently
the attention has shifted to instabilities in cellular Ca2+ hand-ling as
the cause of alternans, leaving the role of Vm instabilities increasingly
neglected. This study provides new evidence that alternation in Vm

and APmorphology plays a significant role in the development and sta-
bilization of atrial alternans. We established two mechanisms by which
Vm contributes to CaT alternans: 1) changes in SR Ca2+ load and 2)
modulation of ILCCwhich determines the efficiency of ECC. AP prolonga-
tion and beat-to-beat alternation in AP morphology both contribute to
the development and degree of CaT alternans. The demonstration that
CaT alternans can be controlled or even prevented by modulating AP
morphology has important ramifications in light of arrhythmia preven-
tion and therapy strategies. Awide arrayof pharmacologicalmodulators
of ion channels -many already in clinical use - could be appliedwith the
specific target to alter theAP into a desirablemorphology that correlates
with a low probability to induce Ca2+ alternans.
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