
2222 Biophysical Journal Volume 106 May 2014 2222–2232
Voltage and Calcium Dynamics Both Underlie Cellular Alternans in Cardiac
Myocytes
Willemijn Groenendaal,† Francis A. Ortega,†§ Trine Krogh-Madsen,†‡ and David J. Christini†‡§*
†Greenberg Division of Cardiology, ‡Institute for Computational Biomedicine, and §Department of Physiology and Biophysics, Weill Cornell
Medical College, New York, New York
ABSTRACT Cardiac alternans, a putative trigger event for cardiac reentry, is a beat-to-beat alternation in membrane potential
and calcium transient. Alternans was originally attributed to instabilities in transmembrane ion channel dynamics (i.e., the
voltage mechanism). As of this writing, the predominant view is that instabilities in subcellular calcium handling are the main
underlying mechanism. That being said, because the voltage and calcium systems are bidirectionally coupled, theoretical
studies have suggested that both mechanisms can contribute. To date, to our knowledge, no experimental evidence of such
a dual role within the same cell has been reported. Here, a combined electrophysiological and calcium imaging approach
was developed and used to illuminate the contributions of voltage and calcium dynamics to alternans. An experimentally feasible
protocol, quantification of subcellular calcium alternans and restitution slope during cycle-length ramping alternans control, was
designed and validated. This approach allows simultaneous illumination of the contributions of voltage and calcium-driven insta-
bility to total cellular instability as a function of cycle-length. Application of this protocol in in vitro guinea-pig left-ventricular my-
ocytes demonstrated that both voltage- and calcium-driven instabilities underlie alternans, and that the relative contributions of
the two systems change as a function of pacing rate.
INTRODUCTION
Action potential duration (APD) alternans in cardiac myo-
cytes appears as alternans in the T-wave on the electrocar-
diogram and can lead to reentry and ventricular fibrillation
in cardiac tissue (1–3). Two main hypotheses have been pro-
posed for the underlying mechanism leading to cellular
APD and calcium transient alternans:

The first, voltage-driven instability, suggests that partial
recovery of the sarcolemmal ion channels results in unstable
voltage dynamics in the cell (4–8). Via this mechanism,
membrane currents vary on a beat-to-beat basis; such varia-
tions in the L-type calcium current lead to coupled varia-
tions in sarcoplasmic reticulum calcium release, resulting
in calcium transient alternans.

The second proposed mechanism, calcium-driven insta-
bility, reasons that there is insufficient time for intracellular
calcium cycling to finish completely within one beat (9–14).
Alternans in cytosolic calcium dynamics will then give rise
to beat-to-beat differences in sodium-calcium exchange and
L-type calcium current (15), which will in turn lead to APD
alternans. Thus, because of this bidirectional coupling, pri-
mary alternans in either voltage or calcium will cause sec-
ondary alternans in the other.

The voltage-driven instability hypothesis traces its roots
to Nolasco and Dahlen (6), who were the first to describe
the restitution-type relation between APD and preceding
diastolic interval (DI). Previous studies have shown that
alternans appear when the slope of the restitution curve is
>1 (5,7) and that they are absent when the slope is or is
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modified to be <1, e.g., by pharmacological intervention
(7). However, the voltage-instability mechanism is not
without many exceptions, as it has been shown that alter-
nans onset is not always tightly linked to the APD restitution
slope (10,14). Such findings attributed to the ascendance of
the calcium hypothesis. Evidence for this mechanism comes
from voltage-clamp experiments, which have shown cal-
cium alternans during a period-1 action-potential clamp
(9,12) and constant peak L-type calcium current in the pres-
ence of calcium alternans (11,16). Recently, a number of
studies have looked into the roles of fractional calcium
release, sarcoplasmic reticulum load, and cytosolic calcium
sequestration leading to calcium instability (13,16–18). The
varied and convincing evidence supporting calcium insta-
bility theory and the problems with the restitution hypothe-
sis have led the field to focus mainly on the calcium
instability hypothesis.

However, calcium-driven instability is not necessarily the
primary or only cause of cardiac alternans in all situations.
Because cellular alternans is an emergent phenomenon of
coupled nonlinear cellular components, conclusions about
the contributions of the various components must be studied
in the context of the complete system. To this end, modeling
work has suggested that both voltage and calcium can
contribute to the mechanism of alternans and that their rela-
tive contributions can vary as a function of cycle length (19).
However, to our knowledge, this has not yet been demon-
strated experimentally.

The aim of this study was to disentangle the contributions
of voltage- and calcium-driven instabilities to total cellular
instability experimentally with bidirectional coupling intact.
As outlined above, the bidirectional coupling between
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membrane potential and intracellular calcium dynamics has
significantly complicated resolving the main source of insta-
bility leading to cardiac alternans (20,21). To circumvent
this complication, it was recently suggested that subcellular
calcium alternans (SA) could be used as an unambiguous
marker of calcium instability in the cardiac myocyte (22).
In a series of studies, SA was observed for in vitro guinea-
pig ventricular myocytes during alternans control stimula-
tion, and was shown analytically to occur only when the
calcium dynamics were unstable (22,23). This study extends
this work, by the development of a protocol that uses SA and
the restitution relation, to determine voltage- and calcium-
driven instability as a function of pacing rate. The developed
protocol was applied first computationally and then to
guinea-pig left-ventricular myocytes to shed light on the
source of instability in in vitro cardiac myocytes.
METHODS

Computational modeling

A calcium-diffusion cell model (23,24) was used to simulate ventricular

cardiac myocytes with positive calcium-to-voltage coupling. A detailed

model description can be found in Shiferaw and Karma (24). In short, the

cell is divided into 75 sarcomeres, each with its own dynamic calcium con-

centration and coupled by calcium diffusion. Membrane potential has been

reported to diffuse ~104 times faster than calcium and is set to equilibrate

instantaneously over the cell membrane (24). The difference in diffusion

between slow intracellular calcium peak alternans and the rapidly diffusing

membrane potential alternans is essential to the formation of a diffusion-

driven Turing pattern that underlies SA (24). The model was originally

developed for canine myocytes, which, unlike guinea-pig myocytes, ex-

press the transient outward (potassium) current. This current has been asso-

ciated with alternans development during slow pacing (25); however, the

model reproduces well the SA development for in vitro guinea-pig myo-

cytes at fast pacing rates (22,23).

To study the influence of varying contributions of voltage and calcium

instability, four model configurations, representing different contributions

of voltage and calcium-driven instability, were obtained by adjusting the

time constant of recovery from inactivation of the L-type calcium channel

and the load dependence of sarcoplasmic reticulum calcium release, tf and

u, respectively. For the mixed instability models, tf and u were set to 40 ms

and 11 s�1 (IA) and 50 ms and 13 s�1 (IB); for the calcium-driven insta-

bility, they were set to 20 ms and 22 s�1 (II); and to achieve voltage-driven

instability, the values were set to 60 ms and 5 s�1 (III) (19,22,23).

Simulation protocol: cycle-length ramp during alternans
control

A ramp protocol was designed to study voltage and calcium instability as

function of basic cycle length (BCL). For each model configuration, a

steady state was obtained at a BCL of 400 ms. The steady state was obtained

by static pacing and using the average value for every state variable of the

values at the beginning of each cycle and at the start of the previous cycle

(22). Starting from steady state at a BCL of 400 ms, alternans control

(26,27) was applied:

DBCL ¼ gðAPDn � APDn�1Þ: (1)

The adjustment is determined by the control gain, g, and the difference in

the APD of the current (n) and the previous beat (n�1). This algorithm
uses the restitution relation. While maintaining alternans control stimula-

tion, BCL was slowly decreased in step sizes of 1ms 50 beats per step.
APD was defined as the time period from the instant the membrane poten-

tial reaches of �40 mV during the upstroke until it repolarizes to �60 mV.

Data were analyzed from the start of the ramp until alternans control was

lost, defined for the simulation results as beat-to-beat variations larger

than 1 ms for at least 10 subsequent beats.

To induce SA from a homogenous state, a small amount of noise is neces-

sary, such is that inherent to the cell (22,23). During the ramp simulations,

Gaussian noise (mean 0, standard deviation 0.1%) was added to all calcium

concentrations before every beat. For steady-state simulations, Gaussian

noise (mean 0, standard deviation 1%) was added only to the initial

conditions.

Calcium and voltage dynamics during the ramp protocol

SA magnitude was used as a measure for calcium-driven instability,

and was calculated as follows for the simulation results: for every beat,

peak calcium was determined for every sarcomere individually. Next the

standard deviation in peak calcium was calculated for every beat using

the peak values for the individual sarcomeres. SA magnitude was plotted

against the corresponding cycle lengths to probe the progression of calcium

instability over a range of cycle lengths. The restitution curve (APD as

function of the previous DI) was fit with both a sigmoid (5) and a monoex-

ponential function, Eq. 2 and 3. The slope of that function was plotted

versus DI:

APD ¼ C1 þ C2

��
1þ e½�ðDI�C3Þ=C4��; (2)

APD ¼ C1 � C2 � e½�DI=C3�: (3)
The parameters C1–C4 were estimated to fit the data using a nonlinear

least-squares optimization algorithm, lsqnonlin, in the software MATLAB
(The MathWorks Inc., Natick, MA). For model configuration II, it was

not possible to obtain a good fit of the restitution curve when all data points

from the ramp protocol were included. This can be explained by the sudden

change in slope toward the end of the simulation. For this reason, the last

part of the ramp was analyzed separately to find the DI at which the slope

became >1.

Eigenmode analysis

Eigenmode analysis (28) quantifies a measure, an eigenvalue, for the insta-

bility leading to alternans. (For a detailed description, please see the Sup-

porting Material.) In short, the influence of small perturbations to all

state variables was calculated separately. Based on these results, a Jacobian

matrix was calculated. The largest negative eigenvalue of this matrix is the

alternans eigenvalue. An alternans eigenvalue of<�1 indicates an unstable

system, and therefore predicts alternans at that BCL. This method was

applied to a model that was 1. Paced, 2. Action-potential clamped, or 3. Cal-

cium-transient clamped, which resulted in measures of total cellular stabil-

ity, calcium-, or voltage-driven instability, respectively (19). This analysis

was repeated for a large range of BCL values in steps of 10 ms. Additional

steps of 1 ms were used around the BCL at which the voltage dynamics

became unstable.
Electrophysiology measurements and calcium
imaging

All animal care and handling was in accordance with institutional guide-

lines. Myocytes were isolated from the left ventricle using a standard enzy-

matic dispersion method (23) and were loaded with Fluo-4 AM fluorescent

indicator dye (Invitrogen, Grand Island, NY). Ampothericin-B (Sigma-Al-

drich, St. Louis, MO) perforated patch-clamp technique was used to record

cellular action potentials. Recordings were performed at room temperature.

For details on the solutions and experimental setup, please see the Support-

ing Material.
Biophysical Journal 106(10) 2222–2232
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Experimental pacing protocol

To allow for experimental feasibility, minor changesweremade to the pacing

protocol. Cellular alternans were induced by rapid pacing. Alternans were

controlled to a period-1 rhythm using the alternans control algorithm given

in Eq. 1. APD was measured at 90% repolarization. Once control was ob-

tained,BCLwasdecreased in steps of 1ms20beats per step. Periodically dur-

ingBCLdecrease, typically at BCL intervals of 5 or 10ms (range 3–11ms), a

given BCL was held for more than 20 beats for the purpose of acquiring a 5s

calcium fluorescence image. BCLs were also held longer whenever whole-

cell alternans control deteriorated. The ramp was terminated when control

could no longer be obtained, typically at a BCL of 155–235 ms.

Data analysis: calculation of measures for voltage- and
calcium-driven instability

Restitution curves during alternans control were fitted to Eqs. 2 and 3 using

the software MATLAB. During the ramp protocol in cell 4, alternans con-

trol was lost and BCL was increased to be able to recover alternans control.

For the fit of the restitution curve, this part of the data was omitted based on

the beat-to-beat progression of APD.

The software CARDIOPLEX (RedShirt Imaging, Decatur, GA) was used

for imaging. A 20.1-Hz Butterworth filter was applied and data were ex-

ported for offline analysis in MATLAB. For every fluorescence recording,

cell location was detected based on the autocorrelation in the individual

traces. Pixels located within the detected region were divided into four

equally sized regions and the calcium fluorescence transient patterns in

the four regions were compared. Based on visual inspection, the four re-

gions were combined into two groups to create the largest SA magnitude.

Observed patterns were, e.g., two halves of the cell or the two ends and

the middle region of the cell alternating out of phase as has been demon-

strated previously in Gaeta et al. (23). Fluorescence traces of the individual

pixels were averaged per group. An exponential-like increase in baseline

was subtracted from the average traces to analyze the peak amplitudes.

The average traces were normalized to the highest peak within the 5 s

recording period. Fluorescence peaks were detected for every beat and

SA magnitude was defined as the average difference between fluorescence

peaks in the two pixel groups of the myocyte.
RESULTS

Computational modeling

Voltage and calcium dynamics during static pacing and
alternans control stimulation

To study the influence of varying contributions of calcium
and voltage instability, model simulations were performed
with the calcium-diffusion cell model adjusted to have
four different combinations of instability:

1. mixed instability (IA);
2. mixed instability (IB);
3. calcium-driven instability (II); and
4. voltaged-driven instability (III).

During fast static pacing (BCL 300 ms) alternans appeared
for all configurations in both calcium transients and APD,
although with different beat-to-beat variation (Fig. 1). Alter-
nans control stimulation, by which BCL was adjusted
according to Eq. 1, controlled the APD to a period-1 rhythm.
The differences between model configurations were illumi-
nated during alternans control stimulation; at a BCL of
300 ms, SA appeared only in model configurations in which
Biophysical Journal 106(10) 2222–2232
calcium was unstable (IA, IB, and II; see also Gaeta et al.
(23)). SA manifested within the simulated cell in different
patterns (Fig.1):

1. Calcium transients in two halves of the cell alternating
out of phase;

2. The middle part of the cell alternating out-of-phase
compared to the edges; and

3. Multiple nodes within the cell

At alternans control stimulation at even faster pacing rates
(BCL 200 or 250 ms), different behavior appeared for the
mixed instability configurations IA and IB. SA was present
for configuration IB and no SA for configuration IA, as a
result of the difference in balance in voltage- and calcium-
driven instability.

Rate dependency of SA dynamics during alternans control

To explore the rate dependency of SA in the models,
we applied a cycle-length ramp during alternans-control
stimulation. Starting from a steady-state period-1 rhythm
at a BCL of 400 ms, alternans-control stimulation was
applied. While the control perturbations of Eq. 1 were
applied to BCL, BCL was slowly decreased, to determine in-
stabilities over a range of pacing rates. The subcellular cal-
cium and voltage dynamics during such a combined ramp
and alternans-control stimulation protocol are depicted in
Fig. 2 for model configuration IA, mixed instability. During
the ramp, SA developed at a BCL at ~330 ms and SA dis-
solved at a BCL at ~217 ms (Fig. 2 B). In this example,
SA manifests as the two halves of the simulated myocyte
having calcium transients that alternate out-of-phase
(Fig. 2 D), whereas APD does not alternate (Fig. 2 C).

The unique constant-memory restitution curve: restitution
during alternans control

To study voltage instability, restitution curves were obtained
during alternans control, by recording all APD and DI
values (Fig. 2 D). Compared to the traditional dynamic
and S1S2 restitution curves, this approach allows sampling
of DI and APD values over a much larger range in the
absence of alternans and results in a unique constant-mem-
ory curve (29) (Fig. 2 A). The restitution curve and its slope,
derived by fitting a sigmoid function for model configura-
tion IA, are shown in Fig. 2, D and E. For this particular
model configuration, the slope of the sigmoid and of the
monoexponential fit of the restitution curve become >1 at
cycle lengths of 247 and 244 ms, respectively.

Eigenmode analysis quantifies the contributions of total
cellular, voltage-, and calcium-driven instability as a function
of cycle length

Eigenmode analysis (28) determines a measure, an eigen-
value, for the instability leading to alternans. An alter-
nans eigenvalue of <�1 indicates instability, whereas
an eigenvalue >�1 indicates a stable system, i.e., no



FIGURE 1 Voltage and subcellular calcium dynamics during static pacing and alternans control. At static pacing (BCL 300 ms), cellular alternans appear

in APD and calcium transient for all model configurations (top two rows). During alternans control stimulation (BCL 300 ms), SA appear for model con-

figurations IA, IB, and II, but a spatially concordant period-1 rhythm in the calcium dynamics appeared for configuration III (middle rows, right column).

During alternans control stimulation at BCL 250 ms (configurations IB and III) or 200 ms (configurations IA and II), SA appeared only for configurations IB

and II (bottom rows, middle columns). The SA patterns present in these simulations are visualized (insets in calcium transient panels) with the colors of the

regions corresponding to the colors of the calcium transients. When either cellular alternans or a spatially concordant period-1 rhythm is present, the simu-

lated cell is divided in two halves (dashed gray line overlaps with the solid black line).
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alternans. Applying this method to a model that is sequen-
tially paced, action-potential clamped, or calcium-transient
clamped, yields measures for total cellular, calcium-, or
voltage-driven instability, respectively (19,22). If, for
example, the eigenvalues of the paced and of the action-
potential clamped cell are both <�1 and are identical, this
indicates calcium-driven instability is the main source of
instability leading to alternans in the paced cell. If, on the
other hand, the eigenvalue of the paced and the action-poten-
tial clamped cell are unequal, this indicates a contribution of
voltage-dependent components that were decoupled during
the action-potential clamp to cellular instability.

These analyses were repeated over a large range of BCLs,
resulting in a determination of the main source of instability
over this cycle-length range (bottom panels, Fig. 3). For
model configuration IB, both whole-cell and calcium dy-
namics become unstable at a BCL of 390 ms, illustrated in
Fig. 3 by the eigenvalues of the paced and of the action-poten-
tial clamped model (circles and asterisks, respectively)
crossing the �1 line at a BCL of 390 ms. Additionally, the
eigenvalues of the paced and the action-potential clamped
models are relatively similar for BCL 340–390 ms, which
shows that the calcium-driven instability is the main source
of instability over this range of pacing rates. When BCL is
decreased below 340 ms, eigenvalues for whole-cell and cal-
cium-driven instability begin to deviate, thereby suggesting a
role for cellular processes decoupled during the action-poten-
tial clamp. The eigenvalue for the calcium-transient clamped
model (triangles) crosses the �1 line at a much lower BCL
(267ms), which predicts that the voltage system becomes un-
stable only with very fast pacing. Finally, at a BCL of 250 ms
the voltage-driven instability becomes larger than the
calcium-driven instability, demonstrating that the primary
source of instability can shift with different cycle-length
values. Whereas the calcium instability is now no longer
the primary source of instability in the cell, it still contributes
to total cellular instability, illustrated by eigenvalues <�1.

Eigenmode analysis confirms the utility of SA and constant
memory restitution as indicators of alternans mechanism

The instabilities predicted by the eigenmode analysis were
used to test the validity of the experimentally achievable
Biophysical Journal 106(10) 2222–2232
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FIGURE 2 Voltage and subcellular calcium dynamics during the ramp protocol for mixed instability model configuration IA. The cycle-length ramp dur-

ing alternans control allows sampling of BCL and APD over a large rangewithout the presence of alternans (panel A, black line). Panel B shows SA during the

alternans control trial (i.e., same trial as black line in panel A), showing that the onset of SA (~330 ms) is at approximately the same BCL as the alternans

onset bifurcation in the uncontrolled trial of panel A (gray line). SA disappears at a BCL of ~217 ms. (Shaded area) Cycle lengths at which the slope of the fit

of the restitution curve is >1. The successfully controlled period-1 action potentials (C) coincided with SA (D), which is illustrated by the intracellular cal-

cium dynamics of two individual sarcomeres in the model (sarcomere 10 and 60). Plots of the restitution curve (gray line) with sigmoid fit (black line) (E) and

its slope (F) during alternans control show that the slope of the restitution curve becomes larger than 1 at a DI that corresponds to a BCL of 247 ms.
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measures during the ramp protocol. For model configuration
IB, the development of SA as a function of BCL corre-
sponds well with the calcium instability predicted by the
eigenmode analysis. The increase in SA magnitude starts
at a BCL of ~390 ms, the BCL at which the eigenmode anal-
ysis predicts a role for calcium-driven instability as illus-
trated by the vertical dashed line in Fig. 3. SA at BCL
values of 300 and 250 ms for this model configuration are
depicted in Fig. 1. Additionally, for model configuration
IB, the BCL at which the slope of the restitution curve
becomes >1, values of 278 and 276 ms for the sigmoid
and monoexponential fit, respectively, is close to the BCL
at which the eigenmode analysis predicts a role for
voltage-driven instability (267 ms). Importantly, Fig. 3
(configuration IB) shows that the experimentally feasible
protocol and corresponding analysis accurately characterize
whether calcium and/or voltage underlie alternans.

Different model configurations demonstrate different
alternans mechanisms

The analysis of the previous section showed that the combi-
nation of SA and constant memory restitution can reveal an
alternans mechanism for one model configuration (IB). To
test whether the method is generalizable to different cell
Biophysical Journal 106(10) 2222–2232
types, we applied it to model configurations with different
relative voltage and calcium contributions to alternans
(Fig. 3, IA, II, and III). The comparison of the eigenmode
analysis (Fig. 3, lower panels) with the development of
SA (Fig. 3, upper panels) confirms that the presence of
SA is correlated with calcium instability for all four model
configurations, illustrated by the vertical dashed line. SA
develops around a BCL when the stability analysis for the
action-potential clamped model predicts calcium instability,
at BCL values of ~330, 390, and 370 ms, for model config-
urations IA, IB, and II, respectively (Fig. 3). In addition, for
model configuration IA, SA disappears when the action-
potential clamped model is no longer unstable at a BCL at
~217 ms, i.e., when the calcium system stabilizes. These re-
sults also explain the difference between the mixed insta-
bility model configurations IA and IB observed in Fig. 1.
In contrast, no SA appears in model configuration III, con-
firming the results of the stability analysis, which predicted
no contribution for calcium-driven instability for this model.
Thus, all model configurations show that SA only appears
when calcium dynamics are unstable, regardless of the sta-
bility of the voltage dynamics.

The different underlying sources of instability also gave
rise to dissimilarities in the restitution curves. The slopes



FIGURE 3 Comparison of the alternans-control ramp protocol with eigenvalue analysis identifies two experimentally feasible measures. SA and

restitution during the ramp protocol (top) were compared with the eigenvalue analysis (bottom) for four model configurations. (Shaded area) Cycle-length

values at which the slope of the restitution curve is >1. (Vertical dashed line) Eigenvalue-calculated onset of calcium instability. Eigenvalue analysis

was performed for a model that is sequentially paced, action-potential clamped, and calcium-transient clamped, which gives measures for whole-cell, cal-

cium-, and voltage-driven instability, respectively. Note that l-values <�2 are not visualized for clarity reasons only. Lambda values <�1 indicate insta-

bility. The stability analysis from BCL 200–370 ms for model configuration IAwas also shown by Gaeta et al. (22). The comparison shows that the presence

of SA is correlated with calcium-driven instability (vertical dashed line) and the slope of the restitution curve >1 (shaded area) is related to voltage-driven

instability.
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for configurations IA, IB, and III all become >1, the
threshold value traditionally regarded as onset of voltage
instability (shaded area in Fig. 3). The slope of the restitu-
tion curve for configuration II becomes >1 close to when
control could not be maintained, indicating a minor role
for voltage-driven instability. For all model configurations,
the BCL at which the slope of the restitution curve crosses
1 is close to the BCL at which the stability analysis indicates
unstable voltage dynamics (l < �1) (shaded area in Fig. 3
and Table 1). Although the predicted BCL using the
TABLE 1 Comparison predicted cycle-length values for voltage ins

Configuration IA (ms) Configuration

Sigmoid fit 247 278

Monoexponential fit 244 276

Stability analysis 233 267

Comparison between using a sigmoid or a monoexponential fit versus the sta

instability.
aIndicates values that could not be estimated using the entire slope of the fit. In
restitution curve does not show an exact match with the
results of the stability analysis, it is consistently close, mak-
ing it an experimentally viable indicator of voltage-driven
instability.

In summary, the modeling analysis shows that the
cycle-length ramp during alternans control resulted in
two experimentally achievable measures—the appearance
and disappearance of SA, and the slope of the resti-
tution curve—indicating calcium and voltage instability,
respectively.
tability

IB (ms) Configuration II (ms) Configuration III (ms)

154a 299

154a 297

151 292

bility analysis to predict the cycle length for the onset of voltage-driven

stead, the last part of the restitution curve was analyzed separately.

Biophysical Journal 106(10) 2222–2232
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Combined electrophysiology and calcium
imaging indicates contributions of both voltage
and calcium-driven instability

The protocol described above was applied in vitro to guinea-
pig left-ventricular cardiac myocytes using the perforated
patch-clamp technique. Cellular alternans were evoked and
real-time alternans control was applied (Eq. 1). As in our
previous work, SA was observed during alternans-control
stimulation (23), but not during slow static pacing (BCL
950–1000 ms). Fig. 4 depicts the experimental results of
the protocol for one cell. SA was present during alternans-
control stimulation over a large range of cycle lengths
(185–270 ms, Fig. 4 A), suggesting an underlying calcium
instability. Fig. 4, B and C, illustrate an example of period-
1 voltage dynamics and SA during alternans control stimula-
tion with a BCL of 220 ms. The constant memory restitution
curve was fit with a sigmoid and the slope of the fit becomes
>1 at a BCL of ~290 ms and returns to <1 at a BCL of
~182 ms (Fig. 4, D and E). The analysis based on the fit
with a monoexponential predicts voltage-driven instability
over the entire cycle-length range during which alternans
control was applied, in addition to calcium-driven instability.

In all five cells, SA was present over a large range of
pacing rates (Fig. 5). In four cells (cells 2–5), SA remained
A B

C

FIGURE 4 Voltage and calcium dynamics during the alternans-control ramp pr

cell 3. SAwas present during alternans control stimulation over a range of cycle

deviation in SA magnitude over the 5-s imaging time period. (Gray dashed lin

lengths 950–1000 ms, where no SA was present in the recordings. This value

thus, represents a threshold value for the presence of SA. (Shaded area in pane

of the sigmoid fit of the restitution curve. During alternans-control stimulation

whereas the calcium dynamics showed SA (C). The slope (E) of the sigmoid fit (

D represent all beats) shows that the voltage system became unstable at a DI co
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present until control was lost. In contrast, in one cell, SA
disappeared and a whole-cell period-1 rhythm appeared at

low BCLs (SA at 300–265 ms, transition at 265–250 ms,
period-1 at 245–195 ms), thereby resembling the simulation
result with mixed instability model 1A (Fig. 2 A). Overall,

these experimental results indicate a role for calcium-driven
instability over a large range of BCL values.

The results also point toward a role for voltage-driven
instability in the in vitro myocytes. The results of four cells
(cells 2–5) show that the slope of the restitution curve

crossed 1 for both the monoexponential and the sigmoid
fit. The predicted cycle lengths for voltage instability using
the slope>1 criteria with the sigmoid fit were typically (10–

33 ms) larger than the BCL predicted using the monoexpo-
nential fit except for cells 1 and 3 (see Table S1 of the
Supporting Material). For cells 3–5, voltage was predicted

to be unstable over a large range of cycle lengths, as illus-
trated by the large shaded area. In addition, for cells 4 and
5 the analysis predicted voltage instability at lower pacing

rates for which calcium instability did not yet appear. As
mentioned above, for cell 3, the slope of the monoexponen-
tial fit is >1 for a large range of cycle lengths outside the

investigated range using alternans control stimulation. In
contrast to the results in these four cells, for the one cell
D

E

otocol in an in vitro ventricular myocyte. Experimental results are shown for

lengths (185–280 ms) (A). The error bars in panel A represent the standard

e) Average SA magnitude (average for cells 2–5) at static pacing at cycle

quantifies the effect of noise in the calculation of the SA magnitude and,

l A) Cycle lengths for which voltage instability is predicted using the slope

at a BCL of 220 ms, the voltage dynamics showed a period-1 rhythm (B),

black line in D) of the constant-memory restitution curve (gray dots in panel

rresponding to a cycle length of 290 ms.



FIGURE 5 Overview of the application of the alternans-control ramp protocol to five ventricular myocytes. Individual panels show SA progression in each

cell as a function of cycle length. (dashed line) Average SA magnitude (average for cells 2–5) at static pacing at cycle lengths 950–1000 ms (Note that these

dynamicswere not recorded for cell 1, but themetric is still shownas a guide),where noSAwas present in the recordings. This value quantifies the effect of noise

in the calculation of the SAmagnitude and, thus, represents a threshold value for the presence of SA. The plus sign (þ) indicates the presence of alternans in the

calcium dynamics at a BCL of 248 ms for cell 4, whereas the square (-) indicates three fluorescence recordings for cell 2 at BCL 310 ms, of which the first

recording showed cellular calcium alternans (below SA threshold), which transformed to SA during recordings 2 and 3 (above SA threshold). Fluorescence

recordings for cell 2 with a BCL> 310 ms showed no calcium alternans and no SA. (Shaded areas) Cycle length at which voltage is predicted to be unstable

by using the slope of the monoexponential fit of the constant memory restitution curve for cells 1, 2, 4, and 5 and the slope of the sigmoid fit for cell 3. The

presence of SA and the slope of the constant memory restitution curve > 1 indicate a role for both voltage- and calcium-driven instability.
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(cell 1) in which SA disappeared with sufficiently fast pac-
ing, the slope of the restitution curve became larger than 1
for the monoexponential at the end of the investigated
BCL range and approached 1, but never became >1 for
the sigmoid fit. Thus, although the monoexponential fit sug-
gests a region where the voltage dynamics are unstable, the
slope <1 of the sigmoidal fit leaves this point uncertain. In
addition, in this particular cell the analysis predicts that with
decreasing DI, the following sequence occurs: 1. The
cellular dynamics becomes unstable (as shown by the pres-
ence of SA at cycle lengths of ~250–300 ms and the slope of
the restitution curve <1); 2. With faster pacing, they stabi-
lize (no SA and the slope of the restitution curve <1); and
3. At even shorter DI values, the cellular dynamics became
unstable again (the slope of the restitution curve >1 for
monoexponential fit at a cycle length of 179 ms). Such sta-
bilization of whole-cell dynamics with faster pacing has
been observed previously using computational modeling
(4,30).
In summary, the experimental data strongly support a role
for both calcium- and voltage-driven instability in the mech-
anism of alternans, demonstrated by the presence of SA and
a steep slope of the restitution curve.
DISCUSSION

Cardiac alternans has been reported in single cells and
whole hearts, and can lead to cardiac arrhythmias. Two
mechanisms, voltage-driven (4–8) and calcium-driven insta-
bility (9–14), have been hypothesized to cause cardiac alter-
nans. In recent years, most research has focused on the
calcium hypothesis. That being said, consistent with the
fact that cells are complex systems comprised of many
coupled nonlinear components, computational modeling
analysis has suggested that both calcium and voltage can
contribute to total cellular instability (19). However, to our
knowledge to date, no experimental evidence supporting
this dual role has previously been reported.
Biophysical Journal 106(10) 2222–2232
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Previous studies have shown that SA only appear in the
in vitro guinea-pig cardiac myocytes during alternans con-
trol pacing when calcium dynamics are unstable (22,23).
Here, these studies were extended by using a cycle-length
ramp during alternans control to disentangle the contribu-
tions of voltage and calcium instability over a large range
of cycle lengths. The results show that, for in vitro cardiac
myocytes, both voltage- and calcium-driven instability
contribute to total cellular instability. Furthermore, the rela-
tive contributions of voltage and calcium display change as
a function of cycle length, likely reflecting the differing
kinetics of the two systems.
Development of the protocol using computational
modeling

Modeling analysis predicted two experimentally feasible
measures that probe the contributions of calcium and
voltage-driven instability. SA was shown to be present
only when the calcium dynamics were unstable, regardless
of the voltage instability (Fig. 3). Those results indicate a
difference compared to the results of the earlier coupled-
map analysis (22,24,31), which was performed with and
without alternans control and predicted the presence of
SA only when calcium-driven instability was the main
instability in the model (22,24). The deviation in prediction
can potentially be explained by stabilization of APD
dynamics by alternans-control pacing (22,32), resulting in
a possible reduction of voltage-driven instability. Alterna-
tively, the deviation could result from the simplified repre-
sentation of cardiac myocyte dynamics used in the
coupled-map analysis. Despite the differences, both predic-
tions indicate a significant contribution of calcium-driven
instability in the development of subcellular calcium
alternans.

Our simulation results predicted a small mismatch
between voltage-driven instability predicted by the eigen-
mode analyses and by the slope of the restitution curve.
This study uses an altered strategy to compare the slope
of the restitution curve to the onset of alternans: the slope
was calculated during the ramp protocol for alternans
control and compared to the measure for voltage-driven
instability obtained with the eigenmode analysis and not
to total cellular instability. The resulting small mismatch
in predicted BCL using either the slope of the restitution
curve or the stability analyses might be explained by one
or a combination of the following aspects: linearization
in the stability analysis; noise in the calcium dynamics;
or that the restitution curve is not a precise measure for
voltage-driven instability because of memory effects or a
role for calcium-driven instability (10,33–35). However,
although the predicted cycle length using the restitution
curve is not exact, the mismatch is consistently small, sug-
gesting that the slope is a good surrogate of voltage-driven
instability.
Biophysical Journal 106(10) 2222–2232
Application of the protocol in in vitro left-
ventricular cardiac myocytes

In general, the experimental results point toward roles for
both calcium- and voltage-driven instability in guinea-pig
left-ventricular myocytes, represented by the presence of
SA and a steep slope of the restitution curve. In all trials,
SA was seen over a range of BCL values. However, only
in one cell (cell 1) was SA replaced by whole-cell, concor-
dant period-1 calcium dynamics with sufficiently fast
pacing. Voltage-driven instability was probed using the
restitution curve during alternans control. Fits by both a
monoexponential and a sigmoid both predicted a contribu-
tion for voltage-driven instability for cells 2–5, whereas
for cell 1 only the slope of the monoexponential fit predicted
a contribution for voltage-driven instability. We speculate
that the observed differences in SA progression and
voltage-driven instability between cells might be caused
by differences in expression levels of ionic membrane chan-
nels. Regional differences in membrane currents and APD
have been reported within the left ventricle (12,36,37).
Because cells in this study were selected from arbitrary
locations of the left ventricle, variations in expression levels
might contribute to differences in SA progression as a func-
tion of BCL.

Here the ramp protocol was applied to in vitro guinea-
pig cardiac myocytes to measure calcium- and voltage-
driven instability simultaneously. Importantly, this approach
could be extended to other cell types and species, which
have intrinsic differences in ionic currents and current
densities (38). Using this methodology, variations in the
contributions of the voltage and calcium instabilities would
be illuminated, which would provide valuable information
regarding the cell-type specific source of instability leading
to alternans.
Limitations of this approach

This study aimed to study in vitro ventricular myocytes in a
physiological relevant environment, i.e., physiological ionic
concentrations, no applications of inhibitors or agonists,
leaving bidirectional coupling between membrane currents
and membrane potential and intracellular calcium intact.
However, it cannot be completely ruled out that fluorescence
indicator dye used to map the calcium dynamics might have
had a small effect on the cellular dynamics (39).

The behavior of single isolated cells can be different from
the behavior of coupled cardiac myocytes (40). As of this
writing, the role of cell-to-cell coupling related to cellular
instability is not fully understood. Although it seems likely
that the intrinsic sources of instability are the same in the
single cell and in tissue, the developed protocol is not
feasible in tissue.

As with past studies of alternans in guinea-pig cardiac
myocytes (12,23), this investigation was performed at room
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temperature, at which alternans incidence is larger than at
physiological temperatures. Cellular processes are tempera-
ture dependent and this temperature dependency is likely to
be different for all ionic currents and calcium handling pro-
cesses (41–43). This might result in a shift in the rate depen-
dence and balance between voltage- and calcium-driven
instability at physiological compared to room temperature.

Further validation of our proposed protocol to determine
instability could result from experiments in which the
contribution of the voltage- and/or calcium-driven insta-
bility is modified pharmacologically. The developed proto-
col could first be applied to the control cell, as has been
done in this study, and then reapplied to a challenged cell,
e.g., with caffeine (13), KATP-blocker pinacidil (44), or
SEA0400, a blocker of the sodium-calcium exchanger
(45). Each of those agents would shift the contributions of
voltage- and/or calcium-driven instability. The two experi-
mental measures, restitution during alternans control and
SA progression, should reflect these shifts in instability.
CONCLUSIONS

An experimentally feasible protocol—quantification of sub-
cellular alternans and restitution slope during cycle-length
ramping alternans control—was designed and validated.
This protocol allows disentanglement of the contributions
of the voltage and calcium systems to alternans. Application
of this protocol in in vitro guinea-pig left-ventricular myo-
cytes demonstrated that both voltage- and calcium-driven
instabilities underlie alternans, and that the relative contri-
butions of the two systems change as a function of rate.
SUPPORTING MATERIAL

Eigenmode Analysis, Electrophysiology Measurements and Calcium Imag-
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