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Abstract
Cardiac-specific Na+–Ca2+ exchanger (NCX) knockout (KO) mice surprisingly survive into
adulthood without compensatory changes in protein expression levels. To determine how cardiac
function is maintained in the absence of NCX, we investigated membrane currents, intracellular
Ca2+, and action potentials (APs) in whole cell patch-clamped myocytes from wild-type (WT) and
NCX knockout mice. There was no difference in resting Ca2+ or sarcoplasmic reticular Ca2+ load
between KO and WT. During prolonged caffeine exposure, the decrease of the Ca2+ transient was
drastically slowed in KO versus WT myocytes, indicating that no alternative Ca2+-extrusion
mechanism is upregulated to compensate for the absence of NCX. Peak L-type Ca2+ current (ICa)
was reduced by 62% in KO myocytes compared with WT. Nevertheless, the corresponding Ca2+

transients were similar, implying an increase in the gain of excitation–contraction coupling in KO
cells. APs recorded from KO cells repolarized more rapidly than in WT. In WT myocytes, applying
a KO AP waveform voltage clamp reduced Ca2+ influx via ICa by 59% compared with WT AP
waveform clamps. Again, the corresponding Ca2+ transients remained similar. Our findings indicate
that NCX KO myocytes limit Ca2+ influx to ≈20% of that in WT by reducing ICa and by abbreviating
the AP. Contractility is maintained by an increase in the gain of excitation–contraction coupling
resulting from both a more rapid repolarization of the AP and an as yet unidentified AP-independent
mechanism.
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Na+–Ca2+ exchange (NCX) maintains intracellular Ca2+ homeostasis in cardiac myocytes by
removing Ca2+ after each contraction.1–3 Not surprisingly, global knockout (KO) of NCX
causes prenatal death in a murine model.4–6 We recently produced a viable cardiac-specific
NCX KO mouse7 in which we were able to completely delete NCX from 80% to 90% of
ventricular cardiomyocytes. These animals live into adulthood and exhibit only modest cardiac
dysfunction. Immunoblot and microarray analyses showed no adaptations in the expression
levels of other proteins involved in Ca2+ regulation, such as the plasma membrane Ca2+ ATPase
(PMCA), the L-type Ca2+ channel (DHPR), the sarcoendoplasmic reticular (SR) Ca2+ ATPase,
or the ryanodine receptor (RyR). How these animals survive without myocardial NCX is
unclear.
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These observations bring into question the physiological significance of NCX. Maintained
cardiac function in the absence of NCX is inconsistent with current models of excitation–
contraction (EC) coupling. In the absence of a robust Ca2+-extrusion mechanism, we expect
the key features of cardiac EC coupling, especially transsarcolemmal Ca2+ fluxes, to be
distinctly altered. Unrecognized autoregulatory mechanisms of fundamental importance for
cardiac physiology may be involved.

The purpose of the present study was to determine whether NCX KO myocytes activate an
alternative mechanism to remove Ca2+ and, if not, to further test the hypothesis that NCX KO
mice adapt by reducing Ca2+ influx, obviating the need for an alternative Ca2+ efflux
mechanism.7

We find that the rate of cellular Ca2+ efflux from NCX KO myocytes is drastically reduced,
indicating the absence of an upregulated alternative Ca2+ removal mechanism. To maintain
Ca2+ homeostasis, the myocyte compensates by severely limiting Ca2+ influx to balance efflux.
KO myocytes limit Ca2+ influx by decreasing peak ICa and by shortening action potential (AP)
duration. This produces an extraordinary situation in which overall transsarcolemmal Ca2+

fluxes are reduced to ≈20% of those in WT myocytes. Strikingly, KO myocytes exhibit
increased gain of EC coupling compared with WT, in part attributable to more rapid
repolarization of the KO AP.

Materials and Methods
Generation of Transgenic Mice

We generated NCX cardiac-specific KO mice using Cre/loxP technology as described in detail
previously.7 As reported, this results in total deletion of NCX from 80% to 90% of the
cardiomyocytes. The animals used in this study were between 7 and 12 weeks of age, did not
display any gross pathology, had good cardiac function, and showed no evidence of heart
failure.

Isolation of Ventricular Myocytes From Adult Mouse Hearts
Isolation of ventricular myocytes by collagenase/protease digestion was performed as recently
reported7 and based on the methods of Mitra and Morad.8 All procedures were in accordance
with the guidelines of the University of California at Los Angeles Office for Protection of
Research Subjects. Following isolation, we stored the dissociated cells for up to 6 hours at
room temperature in modified Tyrode solution, containing (in mmol/L): 136 NaCl, 5.4 KCl,
10 HEPES, 1.0 MgCl2, 0.33 NaH2PO4, 1.0 CaCl2, 10 glucose (pH 7.4) with NaOH. This
solution was also used, with modifications described below, as the standard bath for
electrophysiological recordings.

Electrophysiology
To record whole-cell membrane currents, we placed the cells in an experimental chamber (0.5
mL) mounted on the stage of a Nikon Diaphot inverted microscope. A heated bath solution
(26°C) continuously perfused the chamber. Patch electrodes were pulled from borosilicate
glass (TW150F-3; World Precision Instruments, Sarasota, Fla) on a Sutter P-97 horizontal
puller (Sutter Instruments, Novato, Calif). The fire-polished electrodes had a tip diameter of 2
to 3 μm and a resistance of 1 to 2 MΩ when filled with the patch electrode solution, which
contained (in mmol/L): 110 CsCl, 30 TEA-Cl, 10 NaCl, 10 HEPES, 5 MgATP, 0.1 cAMP, 0.1
K5fura-2 (pH 7.2) with CsOH. We recorded whole-cell membrane current or voltage using an
Axopatch 200 patch clamp amplifier (Axon Instruments, Union City, Calif) in voltage-clamp
or current-clamp mode and a Digidata 1322A (Axon Instruments) data acquisition system
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controlled by pCLAMP 9 software (Axon Instruments). We applied series resistance
compensation to all recordings.

Fluorescence Measurements
We simultaneously recorded fura-2 signals and membrane current during voltage clamp using
a custom-designed photometric epifluorescence detection system, described in detail
previously.9 Ca2+ concentration was calculated from the ratio (R) of the fluorescence
intensities at the 2 excitation wavelengths (ratios at 600 Hz) using the method of Grynkiewicz
et al10 according to the equation:

Ca2+ i = Kd−fura(β)(R − Rmin)(Rmax − R)

Rmax, Rmin, and β were determined by measuring the fluorescence intensity of drops of internal
solution containing fura-2 and either high or low Ca2+; Kd-fura=224 nmol/L.

Determination of Cellular Phenotype
Ten to twenty percent of the myocytes isolated from KO hearts have a WT phenotype.7 Like
cardiomyocytes isolated from WT hearts, these cells show NCX inward current (INCX) on rapid
exposure to caffeine when patch clamped and held at a constant voltage of −40 mV. Thus,
subsequent to each experimental protocol, every myocyte isolated from KO mice was rapidly
exposed to 1 sec of caffeine (for details see below) to ensure KO phenotype. Those cells with
a detectable inward current were excluded from the KO group.

Solution Exchange
Miniature solenoid valves (The Lee Co, Westbrook, Conn) controlled by PCLAMP digital
outputs controlled the bath solution flow through a micromanifold (ALA Scientific
Instruments, Westbury, NY). This enabled precise timing of solution exchanges in relation to
the voltage clamp protocol. The solution surrounding a patched cell exchanged with a half-
time of less than 100 ms.

Statistical Analysis
Data are expressed as means±SEM Student unpaired t test was used for direct comparisons of
WT versus KO. In experiments where a range of voltages was tested in each group, we used
2-way ANOVA with Tukey–Fisher LSD post hoc testing (JMP 5.01a, SAS Institute, Cary,
NC).

Results
INCX, SR Ca2+ Load, and Resting Ca2+ Concentration in WT Versus KO Myocytes

We recently reported that the SR Ca2+ load of NCX KO myocytes appeared similar to that of
WT myocytes.7 To further quantify SR Ca2+ and to assess resting Ca2+ levels in KO and WT
myocytes, we recorded INCX and Ca2+ transients during a 1-sec application of 5 mmol/L
caffeine using a rapid solution changer. As a negative control, these experiments were also
performed in the presence of the NCX inhibitor Ni2+. We administered a train of five 100-ms
prepulses from −40 to 0 mV at 1 Hz immediately before caffeine application to ensure a steady-
state SR Ca2+ load. We maintained a constant holding potential of −40 mV during exposure
to caffeine. Figure 1A shows [Ca2+]i and INCX during caffeine application for representative
WT and KO myocytes. No inward exchange current was detectable in 8 of 9 KO myocytes,
consistent with the absence of NCX in 80% to 90% of the KO myocytes.7 We found no
difference in the magnitude of the caffeine-induced Ca2+ transient between WT and KO
myocytes (WT: 473±58 nmol/L, n=8; KO: 503±38 nmol/L, n=8; P>0.05), consistent with
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similar SR Ca2+ loads. Furthermore, there was no difference in resting [Ca2+]i after
conditioning pulses (WT: 109±21 nmol/L, n=8; KO: 81±13 nmol/L, n=8; P=0.11). Addition
of 10 mmol/L Ni2+ to block NCX during caffeine administration in WT cells abolished INCX
but had no effect on the peak [Ca2+]i transient (507±71 nmol/L; n=9). The results indicate that
KO of NCX does not significantly alter cellular Ca2+ stores or resting Ca2+ concentration.

Ca2+-Extrusion Capability Is Drastically Reduced in KO Versus WT Myocytes
To investigate whether an alternative Ca2+-extrusion mechanism compensates for the absence
of NCX, we estimated the Ca2+-extrusion capacity of the KO myocytes by using a longer
exposure to caffeine (8.5 sec; Figure 2A). In the presence of caffeine, SR Ca2+ accumulation
is prevented, so that the decline of the caffeine-induced Ca2+ transient is attributable mainly
to the ability of the myocyte to extrude Ca2+ from the cell. In WT, the caffeine-induced transient
decayed to 50% of peak magnitude (t0.5) in 2.4±0.4 sec and was reduced by 86±3% after 8.5
sec of caffeine exposure (n=10). In KO myocytes, t0.5 was not reached during the 8.5 sec of
caffeine exposure as only 18±6% of the initial transient decayed within this time (n=8). When
NCX was blocked in WT cells by 10 mmol/L Ni2+, the [Ca2+]i decay rate mimicked that of
KO myocytes (n=3). Figure 2B quantifies the amount of Ca2+ that is extruded during 8.5 sec
of caffeine exposure in WT, KO, and WT plus Ni2+. These observations demonstrate that
alternative Ca2+-extrusion mechanisms are not upregulated to compensate for the absence of
NCX in KO myocytes.

Decreased ICa and Increased EC Coupling Gain in KO Myocytes
We have previously reported that Ca2+ transients are unchanged in externally paced KO
myocytes but that the amplitude of ICa is decreased when measured in patch-clamped KO
myocytes.7 We proposed that there was an increase in the gain of EC coupling defined as the
ratio of SR Ca2+ release (Δ[Ca2+]i) to trigger Ca2+ (ICa) in KO cells. To directly test this
hypothesis, we simultaneously measured Ca2+ transients and ICa during voltage clamps in
fura-2–loaded cells studied with the whole-cell patch-clamp technique. Cells were depolarized
for 200 ms from a holding potential (VH) of −40 mV to a family of test potentials ranging from
−30 to +40 mV in 10-mV steps. Each voltage clamp was preceded by a train of 5 conditioning
pulses (100 ms; 1 Hz) from −40 to 0 mV. For clamps to 0 mV, the peak amplitude of ICa in
KO myocytes (3.6±0.6 pA/pF; n=4) was significantly smaller than in WT (9.6±1.5 pA/pF; n=7,
P<0.01). However, [Ca2+]i release was similar (Δ[Ca2+]i=502±20 nmol/L in KO versus 518
±73 nmol/L in WT) (see Figure 3 for representative tracings). Similar results were observed
at other potentials, as shown by the summary data in Figure 4. The gain of EC coupling was
significantly increased in KO myocytes compared with WT (P≤0.01 by 2-way ANOVA, Figure
4C).

Faster Repolarization of Action Potentials from KO Versus WT Mice
We recorded APs using the current clamp mode of the patch clamp amplifier. Consistent with
our previous observations,7 there was no difference in resting potential between WT (n=10)
and KO (n=9) (WT, −75±1 mV; KO, −74±1 mV), but the amplitude of the KO AP spike was
slightly smaller than the WT AP (WT, 121±3 mV; KO, 113±3 mV; P<0.05). The AP plateau
phase was absent in KO myocytes (AP duration to 90% repolarization [APD90, 8.7±1.0 ms]
as compared with WT [APD90, 75.1±10.8 ms], P<0.05; Figure 5A). This is consistent with the
finding that inward INCX prolongs the plateau phase of the AP.11–14 The spike of the AP was
also narrower in KO myocytes (Figure 5B). Thus, both the AP duration at 0 mV (WT, 1.7±0.2
ms; KO, 1.3±0.1 ms; P<0.05) and the AP duration at 50% repolarization (APD50; WT 2.0±0.4
ms; KO 1.2±0.1 ms; P<0.05) were smaller in KO as compared with WT myocytes.
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Abbreviated KO AP Limits Ca2+ Influx but Maintains EC Coupling
To investigate the influence of the KO AP shape on ICa and EC coupling, we used representative
KO and WT AP waveforms as voltage-clamp commands in patch-clamped KO and WT
myocytes while simultaneously monitoring ICa and the Ca2+ transient (Figures 6 and 7). Cells
were dialyzed with fura-2 via the patch pipette. After 5 conditioning pulses from −75 mV to
0 mV (100 ms; 1 Hz) to equilibrate the SR, the KO AP waveform (referred to as KO-clamp)
was applied from a holding potential of −75 mV. Immediately thereafter, the protocol was
repeated in the same myocyte, this time applying the WT AP waveform (referred to as WT-
clamp). To isolate L-type Ca2+ current under these conditions, Na+ and K+ were both replaced
with Cs+ in the external and pipette solution. The bath solution contained 10 μmol/L
tetrodotoxin to block INa. To distinguish the resulting current from the capacitance artifact,
both waveforms were again applied to the cell in the presence of Cd2+ (1.5 mmol/L) to inhibit
ICa. Only the Cd2+-sensitive difference currents are shown and analyzed.

Figure 6 shows KO and WT AP waveform commands (top) and the resulting ICa (middle) in
both WT and KO myocytes. The corresponding integral of ICa (∫ICa, bottom) is a measure of
the amount of Ca2+ entering the myocyte during the waveform command. First, we compared
ICa and ∫ICa in response to the 2 different waveforms in WT myocytes (Figure 6A and 6B;
n=9). ICa generated by KO-clamp (Figure 6B) was decreased in amplitude and duration as
compared with ICa generated by WT-clamp in the same myocyte (Figure 6A). This led to a
reduction of ∫ICa to 41±5% during KO-clamps.

The experiment was repeated using KO myocytes (Figure 6C and 6D; n=7). We have already
demonstrated that ICa is reduced in KO myocytes during voltage clamps (see Figures 3 and 4).
Consistent with this finding, we observed smaller ICa during WT-clamps in KO myocytes
(Figure 6C) compared with WT-clamps in WT cells (Figure 6A). Application of a KO-clamp
further reduced ICa amplitude and duration in KO myocytes (Figure 6D).

The summary data in the Table show that in both WT and KO myocytes, the effect of the
different command waveforms on the amplitude of ICa was modest. However, there was a
significant decrease in time to peak ICa as well as time to 50% inactivation (t1/2) of ICa during
KO-clamp. The net result is a substantial reduction of ∫ICa. During KO-clamps applied to KO
myocytes (Figure 6D; n=7), ∫ICa was 19±4% of ∫ICa recorded in WT myocytes during
stimulation with WT-clamps (Figure 6A; n=9). Thus, the shape and duration of the KO-AP
reduces Ca2+ influx.

To assess the effect of the altered AP of KO myocytes on SR Ca2+ release, we also monitored
[Ca2+]i during the WT- and KO-clamps (Figure 7). Although the KO-clamp results in less
Ca2+ influx via ICa, triggered SR Ca2+ release was similar to the release obtained when the
same cell was stimulated with a WT-clamp (Δ[Ca2+]i in WT cells during KO-clamp: 96±11%
of Δ [Ca2+]i during WT-clamp; n=7). Similar results were obtained in KO myocytes stimulated
with KO- and WT-clamps (n=3).

Discussion
NCX is the dominant Ca2+ efflux mechanism in cardiac myocytes. Yet, intracellular Ca2+

transients and resting Ca2+ levels are normal in ventricular myocytes from adult cardiac-
specific NCX KO mice as shown previously7 and in this study. Three possible explanations
are (1) an alternative Ca2+ efflux mechanism is upregulated and compensates for loss of the
exchanger, (2) Ca2+ influx is reduced and obviates the need for robust Ca2+ extrusion, or (3)
a combination of these mechanisms.
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If an upregulated alternative Ca2+-extrusion mechanism compensates for the absence of NCX,
one would expect the Ca2+-removal rate of KO myocytes to be similar to that of WT myocytes.
Instead, we find a dramatic slowing of Ca2+ extrusion from the KO myocytes into the
extracellular space (Figure 2). Thus, Ca2+ homeostasis in NCX KO myocytes is not maintained
by the upregulation of an alternative Ca2+ efflux mechanism. Ca2+-extrusion capacity in KO
myocytes is severely compromised.

Our AP clamp experiments suggest that Ca2+ influx through L-type Ca2+ channels is reduced
by 80% in KO myocytes (Figure 6 and the Table). Thus, Ca2+ homeostasis can be maintained
by the plasma membrane Ca2+ pump, a low-capacity Ca2+ efflux mechanism. However,
reduced Ca2+ entry through L-type Ca2+ channels should trigger less Ca2+-induced Ca2+

release and result in a reduced Ca2+ transient, which is not the case.7 The possible mechanisms
underlying the reduced Ca2+ influx and the maintained Ca2+ transient are discussed below.

Mechanism of Decreased Ca2+ Entry Into KO Myocytes
Two mechanisms contribute to the reduced ICa of KO myocytes. First, ICa is reduced in KO
myocytes by up to 60% as compared with WT myocytes (Figure 4). The mechanism underlying
this reduction is unknown. DHPR protein is not reduced in KO myocytes,7 and thus regulatory
changes in ICa must be responsible. An attractive possibility is that the absence of NCX results
in a tonic increase in diadic cleft Ca2+, resulting in a steady-state Ca2+-dependent inactivation
of the L-type Ca2+ channels. We have reported that acute blockade of NCX in rat ventricular
myocytes results in increased Ca2+ spark activity,15 which would elevate diadic cleft
Ca2+.16,17 We have also shown that NCX activity can acutely regulate ICa in mice that are
homozygous for overexpression of NCX.17

Second, the abbreviated spike of the KO-AP further limits Ca2+ influx through Ca2+ channels
as shown in Figure 6. Ca2+ entry during KO AP waveform voltage clamps is initially very
rapid, probably because of the increased driving force for Ca2+ influx through Ca2+ channels
during the more rapid repolarization (Table). This rapid initial phase of influx has important
implications for EC coupling, as discussed below. The mechanism underlying the altered KO-
AP shape is uncertain. An obvious candidate is loss of inward NCX current, which ordinarily
prolongs APD.11–14,18 However, inward NCX current influences the plateau phase of the AP
rather than the initial spike. Loss of an initial outward NCX current would tend to broaden,
rather than narrow the AP spike. Reduced ICa could also contribute to the shorter APD in KO
myocytes, but, again, ICa is more likely to influence the plateau phase. Transient outward
current (Ito) is primarily responsible for early AP repolarization,19–23 and thus upregulation
of Ito may account for the more rapid initial repolarization of the AP in NCX KO myocytes.
There is evidence that the expression of K+-channel subunits that generate Ito is dependent on
cytosolic Ca2+.24 Perhaps Ito is increased in KO myocytes secondary to altered Ca2+ handling.
Further study is required to investigate the mechanism of changes in AP shape in KO myocytes.

Normal Ca2+ Transients and Increased EC Coupling Gain in the Absence of NCX
How can the amplitude of the Ca2+ transient be unaltered in KO myocytes when the trigger
for SR Ca2+ release is severely reduced? We observed no increase in SR Ca2+ load in KO cells
(Figure 2) that might compensate for the reduced trigger. Recently, it has been shown that APs
trigger Ca2+ sparks, the elementary events of EC coupling, with a probability approaching
100%.15 This high probability of triggering suggests that each couplon must contain multiple
L-type Ca2+ channels. Loss of some Ca2+ channels does not necessarily result in reduction of
spark activation if a minimum number of channels remains to ensure triggering. Thus, reduced
availability of channels, manifested as a decrease in whole cell current, could be tolerated
without compromising the Ca2+ transient. The net effect is an increase in macroscopic gain in
KO myocytes.
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Alternatively, increased diadic cleft Ca2+ caused by the absence of the exchanger may facilitate
opening of RyRs, leading directly to an increased gain of EC coupling. That is, an increase in
diadic cleft Ca2+ may bring RyRs closer to the threshold for opening when additional Ca2+

enters through L-type Ca2+ channels.15 This increased sensitivity of RyRs to Ca2+ influx would
be expected to reduce spark latency and variance on depolarization because early openings of
Ca2+ channels will be more likely to trigger associated RyRs in a couplon.25

A further possibility is that increased gain in KO myocytes may be attributable to a spatial
rearrangement of key proteins involved in EC coupling. The absence of NCX proteins from
the diadic cleft could reduce the average distance between L-type Ca2+ channels and RyRs,
possibly enhancing the interaction between the 2 proteins. Although this is highly speculative,
a similar argument has been invoked in models of heart failure, where a decrease in gain has
been attributed to a hypothesized increase in the distance between L-type Ca2+ channels and
RyRs.26,27

The kinetics of Ca2+ entry during APs also increases the efficiency of Ca2+-induced Ca2+

release and, therefore, gain. As noted above, Ca2+ entry during KO AP waveform voltage
clamps is initially more rapid, most likely attributable to the high-temporal synchronization of
Ca2+ influx through open Ca2+ channels and the greater driving force during more rapid early
repolarization.28 These results are consistent with studies showing that increased rate of
repolarization can improve the efficiency of triggering of SR Ca2+ release.28,29

Finally, we cannot exclude the possibility that the altered ICa and EC-coupling gain in KO
myocytes are caused by the up- or downregulation of specific regulatory pathways that could
alter the phosphorylation state of the DHPR or modify RyR gating. However, at present we
have no evidence to support or refute these hypotheses.

Comparison With Homozygous NCX Overexpressing Mice
We have previously reported an increase in ICa and a decrease in EC-coupling gain in
homozygous NCX-overexpressing mice.17 These mice have essentially normal cardiac
function despite the almost 3-fold increase in NCX activity. It is noteworthy that Ca2+ influx
in these animals is substantially increased, thereby compensating for increased Ca2+ extrusion
by the exchanger. Essentially, this is the mirror image to the alterations in fluxes we observe
in NCX KO mice, which respond to a large reduction in Ca2+-efflux capacity with an 80%
reduction in Ca2+ influx.

Conclusions
Altogether, EC coupling in adult NCX KO myocytes is characterized by (1) a decreased
Ca2+ entry along with an increase in EC coupling gain and (2) a faster repolarizing AP that
increases the efficiency of SR triggering. These mechanisms independently, but
synergistically, limit Ca2+ influx and at the same time maintain effective Ca2+-induced Ca2+

release from the SR. An extraordinary situation is created in which transsarcolemmal Ca2+

fluxes in KO myocytes are reduced to 20% of those in WT myocytes. This provides an
explanation for maintenance of Ca2+ homeostasis in the absence of NCX. Depending on
species, the PMCA has been estimated to provide 10% to 25% of myocyte Ca2+ efflux.30–
32 Thus, a Ca2+ influx reduced to 20% as observed in NCX KO myocytes is within the capacity
of the PMCA. Our findings demonstrate a remarkable adaptive plasticity of cardiac EC
coupling. Details of the mechanisms underlying these adaptations are of fundamental
importance for understanding the regulation of cardiac EC coupling.
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Figure 1.
Comparison of caffeine-induced Ca2+ transients and forward NCX currents in WT vs KO
myocytes. A, [Ca2+]i transients and membrane current (INCX) recordings during caffeine
application in patch clamped WT (n=8) and KO (n=8) myocytes loaded with fura-2 via the
patch pipette. Cells were held at −40 mV and exposed to 5 mmol/L caffeine for 1 sec, using a
rapid solution exchanger, to release SR Ca2+ stores. In WT, the Ca2+ release elicited an inward
NCX current, which was absent in 8 of 9 KO myocytes. B, Summary graph showing that resting
[Ca2+]i and the peak of the [Ca2+]i transient, and therefore SR Ca2+ load, were similar in both
groups.
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Figure 2.
Decreased Ca2+-extrusion capability of KO vs WT myocytes. A, Ca2+ extrusion in patch
clamped myocytes (VH = −40 mV) loaded with fura-2 during prolonged exposure of caffeine
(8.5 sec) to disable SR Ca2+ uptake. Under these conditions, decay of the caffeine-induced
Ca2+ transient is mainly attributable to the ability of the cell to extrude Ca2+ into the
extracellular space. B, Bar graph showing the amount of Ca2+ that is extruded from the
myocytes during 8.5 sec of caffeine exposure as a percentage of the peak caffeine-induced
Ca2+ transient. *P≤0.05 vs WT group.
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Figure 3.
Reduced ICa but increased EC coupling gain in WT vs KO myocytes. Representative tracings
showing ICa and [Ca2+]i measured simultaneously during depolarization of the myocytes from
a membrane potential (Vm) of −40 mV to 0 mV.
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Figure 4.
Summary data for the voltage dependence of L-type Ca2+ current, intracellular Ca2+ transients,
and EC-coupling gain in WT vs KO. In KO, a clear reduction in peak ICa is observed at all
voltages (A), whereas the corresponding Δ[Ca2+]i is largely unaffected (B). Bar graphs (C)
show EC-coupling gain, calculated as Δ[Ca2+]i divided by ICa for KO (n=4, except for −20 to
0 mV, n=3) vs WT (n=7). Gain was higher in KO across all voltages. †P<0.05 for KO vs WT
by 2-way ANOVA. *P<0.05 at indicated voltages by Fisher–Tukey post hoc testing.
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Figure 5.
Faster AP repolarization in KO vs WT myocytes. AP tracings are representative for 9 KO and
10 WT myocytes. The pipette solution contained (in mmol/L): 110 KCl, 5 MgCl, 10 NaCl, and
20 HEPES (pH 7.2) with KOH. A, KO APs lack a plateau phase as compared with WT. B,
First 10 ms of the tracings shown in A displayed on an expanded time scale. Vmemb indicates
membrane potential.
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Figure 6.
The shape of the KO AP modulates ICa. AP tracings from WT and KO myocytes were translated
into voltage-clamp command waveforms and then applied to patch-clamped WT and KO
myocytes. Top, Voltage-clamp commands mimicking a WT AP (WT-clamp) or a KO AP (KO-
clamp). Middle, ICa measured during the respective clamp command. Bottom, Corresponding
integral of ICa (∫ICa) as a measure of Ca2+ influx in WT and KO myocytes. A, ICa and ∫ICa in
a WT myocyte induced by a WT-clamp. B, Stimulation of the same WT myocyte with a KO-
clamp. C and D, Experiment was repeated using a KO myocyte. Experiments shown are
representative for 9 WT and 7 KO myocytes. Integral is given in arbitrary units. For
quantification of data, see Table.
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Figure 7.
WT and KO AP voltage-clamp commands are equally effective at triggering SR Ca2+ release.
Representative tracings for ICa (middle) and [Ca2+]i (bottom) during application of voltage
clamps with WT and KO AP waveforms (top) to the same WT myocyte. Although ∫ICa and,
therefore, the amount of trigger Ca2+ entering the cell is clearly reduced during KO-clamp (B)
as compared with WT-clamp (A), the corresponding Δ[Ca2+]i is similar. Similar observations
were made in 7 WT and 3 KO myocytes.
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Characteristics of ICa Under AP Waveform Command Conditions

WT Myocytes KO Myocytes

AP waveform command WT-Clamp KO-Clamp WT-Clamp KO-Clamp
Amplitude, pA/pF 8.7±1.5 7.1±1.8 4.4±1.2 4.0±1.2
Time to peak, ms 3.6±0.5 1.7±0.2* 2.6±0.4 1.3±0.4*
t1/2, ms 6.3±0.7 3.7±0.4* 4.8±0.7 2.4±0.8*
∫I Ca, % 100 40.7±4.8* 32.8±9.8 19.0±4.5*†

Amplitude, time to peak, time to 50% decrease (t0.5), and integral (∫ICa) of ICa during application of voltage clamp command waveforms mimicking
APs in WT (n=9) and KO (n=7) myocytes. ICa amplitude and ∫ICa are normalized to cell capacitance. ∫ICa is expressed as a percentage of ∫ICa from WT
myocytes stimulated with a WT-clamp.

*
P<0.05 vs WT-clamp on the same myocytes,

†
P<0.05 vs WT-clamp in WT myocytes.
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