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BACKGROUND Computer simulations have predicted that the bal-
ance of various electrogenic sarcolemmal ion currents may control
the amplitude and phase of beat-to-beat alternans of membrane
potential (V,,). However, experimental evidence for the mecha-
nism by which alternans of calcium transients produces alterna-
tion of V, (V,,-ALT) is lacking.

OBJECTIVE To provide experimental evidence that Ca-to-V,, cou-
pling during alternans is determined by the balanced influence of 2
Ca-sensitive electrogenic sarcolemmal ionic currents: I and I,.

METHODS AND RESULTS V_-ALT and Ca-ALT were measured si-
multaneously from isolated guinea pig myocytes (n = 41) by using
perforated patch and Indo-1,, fluorescence, respectively. There
were 3 study groups: (1) control, (2) Iy predominance created by
adenoviral-induced NCX overexpression, and (3) I, predominance
created by Iycx inhibition (SEA-0400) or enhanced I, (As,0;).
During alternans, 14 of 14 control myocytes demonstrated positive
Ca-to-V,, coupling, consistent with Iy, but not I.,, as the major
electrogenic current in modulating action potential duration. Pos-
itive Ca-to-V,, coupling was maintained during I .x predominance

in 8 of 8 experiments with concurrent increase in Ca-to-V,, gain
(P <.05), reaffirming the role of increased forward-mode electro-
genic Iy« Conversely, I, predominance produced negative Ca-
to-V,, coupling in 14 of 19 myocytes (P < .05) and decreased
Ca-to-V,, gain compared with control (P <.05). Furthermore, com-
puter simulation demonstrated that Ca-to-V,, coupling changes
from negative to positive because of a shift from I, to Iy
predominance with increasing pacing rate.

CONCLUSIONS These data provide the first direct experimental
evidence that coupling in phase and magnitude of Ca-ALT to
V,,-ALT is strongly determined by the relative balance of the
prominence of Iy vs I, currents.
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Introduction

Microvolt-level T-wave alternans is a sensitive marker of
vulnerability to ventricular arrhythmias in patients.' T-
wave alternans of the surface electrocardiogram arises from
beat-to-beat alternation of action potential duration (APD)
(V,,-ALT) at the single-cell level. Under this paradigm,
beat-to-beat alternation of the calcium transient (Ca-ALT)
causes beat-to-beat alternans in action potential shape and
duration (V,,-ALT).*>” This concept was supported by our
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previous findings showing a close correspondence between
myocytes exhibiting depressed expression or function of
calcium cycling proteins and their susceptibility to V-
ALT.? Therefore, determining the mechanism by which
electrogenic ionic currents transform Ca-ALT to V -ALT is
critical to understanding how cardiac alternans promotes
electrophysiological heterogeneities and cardiac arrhyth-
mias. Previously, computer simulations have predicted that
the balance of various electrogenic sarcolemmal ion cur-
rents may control the amplitude and phase of beat-to-beat
alternans of membrane potential.s_8 However, to our
knowledge, these theoretical predictions have not been
tested experimentally. We hypothesized that Ca-to-V , cou-
pling during alternans (ie, the relationship between alternat-
ing calcium transients and the corresponding phase and
amplitude of action potential alternans) is determined by the
balanced influence of 2 Ca-sensitive electrogenic sarcolem-
mal ionic currents: Iycx and I, This hypothesis is based on
established sensitivity of these currents to cytoplasmic cal-
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cium concentration. During Ca-ALT, a large calcium re-
lease is expected to promote forward-mode Iycx, hence
prolonging the APD, whereas this will be opposed by cal-
cium-induced inactivation of I,, which shortens the APD.
Therefore, the relative predominance of each current would
determine how Ca-ALT is coupled with respect to gain and
phase to V-ALT. We used complementary and selective
approaches to modify Iycx or I, function and hence to
examine Ca-to-V,, coupling sign and Ca-to-V,, gain under
conditions of Iycx Vs I, predominance. Our data supported
the hypothesis that Ca-to-V,, coupling is determined by a
competing balance of Iycx (positive Ca-to-V,, coupling)
and I, (negative Ca-to-V,, coupling) and demonstrated that
Inex 1s the major electrogenic mechanisms of V, -ALT.
These findings also have implications for disease states in
which the balance of ion channel expression is altered.

Methods
Study design

Myocytes were divided into 3 groups to investigate the
competing balanced influence of 2 Ca-sensitive electrogenic
sarcolemmal ionic currents—Iycx and I.,—on Ca-to-V
coupling during alternans: (1) control, (2) Iycx predomi-
nance, and (3) I, predominance. Iycx predominance was
achieved by in vivo NCX gene transfer by using a modified
cross-clamping method.” Western blot from in vitro NCX
overexpression showed that NCX protein expression was
indeed increased by (3.8 £ 2.9)-fold compared with control
(n = 3), and previously Ranu et al'® demonstrated that the
overexpression of NCX increases Iycx, with no change in
Ic, I, predominance was achieved by Iycx inhibition or
I, enhancement. One micrometer of the selective Iycx
inhibitor SEA0400 (Taisho Pharmaceutical Co, Ltd,
Saitama, Japan) was used to achieve 80% Iycx inhibition
with no change in I.,.'""'? 1., was increased with As,05."
Myocytes were studied after 4 hours of incubation with 3
uM of As,Oj5. The procedure increased I, density by about
100% with no significant effect on Iy-x under our experi-
mental condition (see supplemental data).

V,,-ALT and Ca-ALT recordings

As described in the supplementary material, V,-ALT and
Ca-ALT were measured simultaneously from isolated
guinea pig myocytes (n = 41) by using perforated patch and
Indo-1,,, fluorescence, respectively. All experiments were
performed at 32°C. V,_-ALT amplitude was measured by
calculating the ratio of the difference in APDy, to the
average APDy, for 2 consecutive beats. Ca-ALT amplitude
was measured by calculating the ratio of the difference in
Ca transient amplitude to the average Ca transient amplitude
for 2 consecutive beats. Ca-to-V,, coupling was determined
from the coincident phase of V -ALT to Ca-ALT (ie, pos-
itive vs negative Ca-to-V,, coupling), and Ca-to-V,, gain
was calculated as the ratio of V-ALT to Ca-ALT.

I¢, recordings

I, were elicited from a holding potential of 40 mV with
depolarizing voltage pulses to 0 mV for 140 ms. Stimulation
protocol, solutions, and temperature were the same as for
V-ALT recordings.

Computer simulations

Computer simulations were performed by using a guinea pig
ventricular myocyte model that was constructed by combining
mathematical formulations of selected sarcolemmal currents
from Luo and Rudy'* with a mathematical model of Ca han-
dling from Mahajan et al'> (see Supplementary Material for
details) that produces CaT alternans. To study how the pacing
rate and the balance of Iycx and I, influence Ca-to-V , gain,
we performed simulations for the control case and I, predom-
inance. The latter case was simulated by decreasing the max-
imum strength of Iycx by 80%. Simulations were also carried
out by using the rabbit ventricular myocyte model of Mahajan
et al'® to demonstrate the robustness of electrogenic mecha-
nisms underlying Ca-to-V, coupling in different mammalian
species (shown in the Supplemental Material).

Statistical analysis

Statistical analysis of data was performed by using Sigma-
stat (SPSS, Inc, Chicago, IL). Statistical differences were
assessed with 1-way analysis of variance. AP value of <.05
was considered statistically significant. Results were ex-
pressed as mean * standard error of the mean.

Results

Effect of Iycx vs I, predominance on Ca-to-V,,
coupling during alternans

To examine the influence of Iy-x and I-, on Ca-to-V
coupling during alternans, action potentials (V) and calcium
transients (Ca) alternans were simultaneously recorded as
shown in Figure 1. In the control myocyte (top left), Ca-
to-V,, coupling was positive; that is, large Ca transient
amplitude was coupled with a long APD, whereas small Ca
transient amplitude was coupled with a short APD on sub-
sequent beat, consistent with Iycx, but not I, as the major
electrogenic current. Consistent with this observation, with
NCX overexpression (top right) positive Ca-to-V,, coupling
was maintained with a concurrent increase in Ca-to-V
gain; that is, the ratio of V_-ALT to Ca-ALT was larger
than in control myocyte (0.62 vs 0.2 in these examples),
confirming increased forward-mode electrogenic Iycx. In
contrast, I, predominance induced by inhibiting Iy-x With
SEA0400 (1 uM) (bottom left) or increasing I, with As,O4
(bottom right) produced negative Ca-to-V, coupling at 240
beats/min; that is, small Ca transient amplitude was coupled
with a long APD, whereas large Ca transient amplitude was
coupled with a short APD on subsequent beat. The gain is
small and negative (0.13 and 0.09, respectively, in these
examples). These results are summarized in Table 1. All
control myocytes (14 of 14) demonstrated positive Ca-
to-V,, coupling, consistent with Iyc-x, but not I, as the
major electrogenic current. Positive Ca-to-V,, coupling was
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