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Excitation-contraction coupling was studied in mammalian cardiac cells in which the
opening probability of L-type calcium (Ca2*) channels was reduced. Confocal microscopy
during voltage-clamp depolarization revealed distinct local transients in the concentration
of intracellular calcium ions ([Ca?*],). When voltage was varied, the latency to occurrence
and the-relative probability of occurrence of local [Ca?*]; transients varied as predicted
if Ca2* release from the sarcoplasmic reticulum (SR) was linked tightly to Ca®* flux
through L-type Ca2* channels but not to that through the Na-Ca exchanger or to average
[Ca?™*].. Voltage had no effect on the amplitude of local [Ca2*]; transients. Thus, the most
efficacious “Ca®* signal” for activating Ca®* release from the SR may be a transient
microdomain of high [Ca2*], beneath an individual, open L-type Ca?* channel.

The central paradox of excitation-contrac-
tion (EC) coupling in heart (1) concerns
how the relatively small amount of Ca?*
that enters the cell via L-type Ca?* chan-
nels can both activate (2) and control the
release of a much larger amount (3) of Ca?*
from the SR. Release of Ca?* from the SR
appears to be controlled by Ca?* entering
the cell through L-type Ca?* channels be-
cause such release can be halted by stopping
the Ca’" current (4, 5). The solution to
this paradox may lie in the concept of a
microscopic coupling between individual L-
type Ca®* channels and SR release chan-
nels [or ryanodine receptors (RyRs)], per-
haps arranged in clusters (6, 7). Briefly, if
such clusters (6) are functionally indepen-
dent and are recruited (6, 8) only by Ca?™*
that entered through closely associated L-
type Ca?* channels, then the Ca?™ current
could control SR release, because the Ca?*
released from one cluster would not activate
or influence Ca?* flux from another. This
view of EC coupling had been termed “local
control” (6, 9, 10). In addition to the open
probability of L-type Ca?* channels (P,),
the amplitude of the single L-type Ca?*
channel current (i) appears to be an impor-
tant determinant of the peak rate of release
of Ca®* from the SR (5). Calcium currents
consisting of relatively few large, single-
channel currents (low P, large i) are much
more efficacious in activating Ca’* release
from the SR than Ca?™* currents comprised
of a relatively large number of small, single-
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channel currents (high P_, small i).

Spontaneous, spatially localized [Ca
transients, termed “calcium sparks,” have
been recorded and attributed to the open-
ing of one or a small group of SR Ca?*
release channels (11). These calcium sparks
were thought to occur in the absence of
L-type Ca’* channel openings. We have
recorded simultaneously L-type Ca?* cur-
rents and local [Ca?*], transients, similar to
the spontaneous calcium sparks, during
small voltage-clamp depolarizations of rat
cardiac cells (9, 12). The spatial inhomo-
geneity of [Ca’*], transients during action
potentials (10) has also been attributed to
the spatial and temporal summation of cal-
cium sparks.

Despite these recent studies, several im-
portant predictions of the theory of local
control of EC coupling by means of calcium
sparks had yet to be tested experimentally.
Such predictions include the following: (i)
[Ca’*], transients at all pulse potentials
consist of local [Ca**]; transients (9). (ii)
Local [Ca?*], transients are evoked with a
voltage dependence and temporal pattern
that are consistent with activation by volt-
age-dependent, L-type Ca?" channels that
operate stochastically. (iii) Ca?* entering
the cell through L-type Ca?" channels is
more efficacious in inducing local [Ca?™"],
transients than a general increase in
[Ca?"].. (iv) Calcium sparks or evoked local
[Ca®*], transients are uniform in size (that
is, independent of voltage) (9).

To investigate these predictions, we used
verapamil to reduce the probability, but not
the amplitude, of the single L-type Ca?™*
channel currents (13, 14). Thus, verapamil
is expected to change the frequency of trig-
gering events (single-channel currents), but
not their effectiveness in activating Ca®*
release from the SR. Under these condi-
tions, infrequent local [Ca’*] transients
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could be observed at all pulse potentials in
the absence of contraction. In the presence
of verapamil (10 uM), local [Ca?*], tran-
sients were evoked at most pulse voltages
(Fig. 1). The local [Ca?*], transients were
similar to those observed as a result of small
depolarizations (9) in the absence of vera-
pamil and to those observed during action
potentials in the presence of the Ca?*
channel blocker Cd?* (10, 11). The volt-
age-clamp pulse protocol (Fig. 1) was de-
signed to ensure both uniform loading of
the SR through reverse mode Na-Ca ex-
change (Ca’" influx dependent on intra-
cellular Na™) at positive potentials (15)
and a constant amount of use-dependent
block of the Ca’* current by verapamil.
The local [Ca?*], transients under these
conditions appeared to result from Ca?*
released from the SR, because local [Ca?™],
transients were never observed in the pres-
ence of 50 uM ryanodine (16), which is
similar to the results reported by Cheng et
al. (11).

We devised an objective way to charac-
terize the numbers (probability of occur-
rence), times of occurrence (latencies), and
amplitudes of the local [Ca?™], transients so
that these parameters could be compared
with the corresponding parameters of L-
type Ca’* channel currents. Power spectral
analysis (9, 10) or image processing of line-
scan images of [Ca’*], during an action
potential (10) can provide information on
the heterogeneity of the Ca?" images, but
not on these specific parameters. In our
experiments, the probability of occurrence
of local [Ca®*], transients was so low that
each could be distinguished unequivocally.
To measure the size of local [Ca?"]; tran-
sients (peak amplitude and image area)
(Fig. 2), we developed a method that ac-
counted for the variability in background
[Ca?*], at the time that local [Ca®*]; tran-
sients occurred (Fig. 2). We tested the ef-
fect of voltage on the size of local [Ca**],
transients by plotting the peak amplitudes
and image areas of all the local [Ca?™*],
transients against the pulse potential (Fig.
2, B and C). No effect of potential on
amplitude or image area could be detected.
The substantial variation in amplitude at
each pulse voltage may reflect the fact that
some events originate outside the plane of
focus and therefore appear smaller. Never-
theless, both spontaneous and evoked local
[Ca?*], transients seem to constitute a sin-
gle population with a peak of 201 = 8.86
nM and an image area of 104.8 * 4 pixels
(mean + SEM, n = 168). This amplitude is
very similar to that of spontaneous calcium
sparks in rat cells (11).

If local [Ca**], transients are evoked by
the opening of L-type Ca®* channels, then
the waiting time histogram of evoked local
[Ca?*], transients under the low probability



Fig. 1. Local [Ca?*]; transients (LCTs) evoked by voltage-clamp
depolarization of a guinea pig ventricular myocyte. Images are
line-scan images obtained by confocal scanning microscopy in
one dimension (9). Position along the cell is represented verti-
cally, and successive scan lines in time are displayed horizon-
tally. Isolated guinea pig ventricular cells were obtained by a
standard enzymatic dispersion technique as described (23). Sin-
gle cardiac myocytes were subjected to whole cell recordings in
an external solution comprised of 140 mM NaCl, 10 mM dex-
trose, 10 mM Hepes, 10 mM CsClI, 1 mM MgCl,, and 2 mM
CaCl,, with the pH adjusted to 7.3 to 7.4 with NaOH. Temper-
ature was 21° to 23°C. When necessary, verapamil (10 uM) or
ryanodine (50 pM) was added to this solution. The solution
filling the electrode used for whole cell recording and loading
with fluorescent dye was composed of 130 mM cesium gluta-
mate, 10 mM NaCl, 10 mM Hepes, 20 mM tetraethylammonium
chloride, 0.33 mM MgCl,, 4 mM adenosine 5’-triphosphate (Mg
salt), and 0.1 mM fluo 3 (pentapotassium salt), with the pH
adjusted to 7.1 to 7.2 with CsOH. (Inset) Voltage-clamp proto-
col. The holding voltage was —40 mV. Depolarizing pulses
were 200 ms in duration and varied between —30 and +100
mV, in increments of 10 mV. Each test pulse was preceded by
eight conditioning pulses to +80 mV, at a frequency of 1 Hz
and a duration of 400 ms. The whole cell Ca?* currents were
too small to be measured reliably against the background of
other ionic currents. The dashed line represents 0 mV. [Ca?*];
was calculated from the fluo 3 fluorescence, with a self-ratio
method using an equation and calibration parameters given
previously (77). Computations and image analysis were per-
formed on an IBM Risc System/6000 workstation (IBM, Armonk,
New York) with the software IDL (Research Systems, Boulder,
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Colorado).

conditions used here should be explicable
in terms of L-type Ca?" channel gating.
Release units or clusters of RyRs are
thought to be activated by the first opening
of an L-type Ca’* channel (8). However,
L-type Ca?* channels can continue to open
and reopen throughout the duration of a
depolarizing pulse and can exhibit an ac-
tive-late pattern of gating (17). Because the
mean open lifetime is so brief (17), the time
course of the macroscopic current is essen-
tially the time course of the probability that
an L-type Ca?* channel will open. If every
such opening could evoke a local [Ca?*],
transient, then the time course of the laten-
cies to occurrence of local [Ca?*], transients
should be exactly the same as that of the
macroscopic current. It seems unlikely,
however, that each opening of an L-type
Ca’* channel could evoke a local [Ca®*],
transient, because once release occurs, its
time course may be governed by the intrin-
sic properties of the RyR, which adapt to a
maintained [Ca®*], (18).

Therefore, a reasonable expectation is
that the time course of the occurrence of
local [Ca**], transients during a depolariz-
ing pulse should peak rapidly, within the
time during which the current is observed
to activate fully, and then decline more
rapidly than the macroscopic current (re-
flecting the failure of some openings to
evoke local [Ca?*], transients). It is known
that in rat heart cells, net cellular SR Ca?*
flux does decline more rapidly than the

Fig. 2. Amplitude and image area of evoked
LCTs are independent of pulse voltage. (A) Line-
scan images of LCTs evoked by pulse depolar-
ization to —30 mV (upper plot) or to +30 mV
(first LCT, lower plot) or by repolarization to —40
mV (second LCT, lower plot) are represented as
surface plots. Black bars indicate the period
of pulse depolarization (200 ms). (Inset) Line
plot of [Ca2*], through the peaks of the LCTs
shown in the lower surface plot. The dashedyline
represents no [Ca2*]. The white boxes e
surface plots show the selected areas of the
image used to make the measurements of am-
plitudes and image areas for each LCT. Back-
ground [Ca2*]; was calculated from the average
local [Ca2*]; just before the onset of the LCT
(indicated by solid lines preceding LCTs on the
line plot). The amplitude of the LCT was taken
to be the difference between the peak and
this background. The image area was defined
as the number of pixels in which [Ca2*]; exceed-
ed the half-amplitude of the LCT (white regions
on the surface plots). This image area is expect-
ed to reflect the distance over which the LCTs
occurred and the time they persisted. The laten-
cy to occurrence (or waiting time) of LCTs
was measured as the time elapsed from the on-
set of the pulse depolarization to the peak of
the LCT minus 5.0 ms (average time to peak).
Measured amplitudes (W) and image areas (@) of
LCTs obtained from 12 different cells are plotted
as a function of the voltage pulses (V,,) in (B) and
(C), respectively. Open symbols represent the
amplitude and image area of LCTs occurring
after repolarization to —40 mV. Amplitudes and
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image areas of spontaneously occurring calcium sparks are represented by filled triangles. Values are
means * SEM. The total number of LCTs that were averaged at each value of V,, varied from 5 to 41.
Data were fit by linear regression (solid lines). The dashed lines represent 90% confidence intervals of

the fit.
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whole cell Ca?* current (19). Clearly, how-
ever, the time course of the probability of
the local [Ca**], transients should be de-
pendent on voltage, reflecting the voltage
dependence of the macroscopic current,
which arises from the voltage dependence
of channel gating patterns, including the
active-late pattern (17).

We tested these predictions by measuring
the latencies of evoked local [Ca?*]; tran-
sients at different clamp-pulse potentials in
12 experiments (Fig. 3A). Most local (Ca?*],
transients were evoked within the first 40
ms. At pulse voltages between —20 mV and
+10 mV, the numbers of evoked local
[Ca?™*], transients declined sharply with time
and the latency histograms could be fit by
exponentially declining functions with time
constants (T ~r). At more negative and
more positive potentials, exponential fitting
of the data was somewhat uncertain, but
T 1 Was clearly less than at the intermediate
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potentials. The latency of local [Ca?*]; tran-

sients evoked on repolarization (Fig. 3A A

= +70 mV) was short, falling almost entlre-
ly into the first bin (20 ms) after repolariza-
tion. Direct comparison of the time course of
the L-type Ca’* current with the time
course of the latencies was difficult because
the probability of the local [Ca?*], transient
was low and because verapamil had reduced
the macroscopic L-type Ca?™* current to such
small amounts that the actual time course of
the Ca?* current could not be determined.
Nevertheless, it is clear that the value of
T depends on pulse potential in a fashion
similar to that of the slow component (1) of
the inactivation of the L-type Ca’* current
in guinea pig myocytes at 20° to 25°C (20).
In such cells, T, varies with pulse potential,
being about 550 ms at —10 mV, 100 ms at
+10 mV, and ~250 ms at +30 mV. Al-
though the plot of the dependence on po-
tential of both T, and 7 1 is U-shaped, it

B 15
Peak n o1
5

4020 0 20 40 60 -40-20 O 20 40 60
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Fig. 3. The probability of evoking LCTs depends
on pulse voltage (V) and time. (A) The probability
of evoking LCTs during a pulse depolarization de-
clines with time during the pulse. The six plots
show histograms of latencies to the onset of LCTs
elicited by 200-ms depolarizing pulses to the indi-
cated value of V,,. Measurements of LCT latency
were made in 12 different cells. The decline of the
histograms was fit by a single exponential function
having time constants (r ) of 127 (=20 mV),
128 (=10 mV), 51 (0 mV), 52 (10 mV), and 131
ms (30 mV). The hatched bars define the period in
which the maximum numbers of LCTs (peak n, )

were evoked at each value of V,,. (B) The probability of evoking LCTs depends on voltage. Peak n, oy was

plotted as a function of V,,. The solid line represents
were normalized (P ) and replotted (@). The solid
Ca?* channels (21). Values for P, - were divided by

a visual fit to the data. (C) Data from (B) (peak n 1)
line represents the open probability (P, ) of L-type
those for P, _to obtain the probability of evoking an

LCT (P, 1) The dashed line is an exponential fit to P, -

Fig. 4. The total number of LCTs A
evoked during clamp pulse depo-

larization is independent of peak

spatially averaged [Ca?*]. (A) Peak

spatially averaged [Ca?*]; (W) was
plotted as a function of V,, after a
resting [Ca?*]; of 100 mM was sub-
tracted. The increase in peak spa-
tially averaged [Ca?*], at pulse volt-
ages greater than +50 mV results

Peak average

[Ca*], (nM)

from the entry of Ca?* viathe Na- 50 ¢
Ca exchanger (2). (B) The number
of LCTs (n cr; mean = SEM) at

each value of V, in 12 cells is shown as a function of V,,.
images of [Caz"] are shown for pulse depolarizations to +80 mV (left) and

to —20 mV (right) from a holding potential of —40
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seems clear that the values for T~ are
generally smaller than those of T,.

We have suggested that the amplitude of
the unitary L-type Ca?* channel current, i, is
an important determinant of the probability
of evoking release (as opposed to the ampli-
tude of the whole cell current) (5). In this
case, a bell-shaped dependence of the num-
ber of evoked local [Ca’*], transients at
times less than 40 ms on pulse potential
would be expected, because P increases with
voltage, but i decreases (21). We tested this
prediction by plotting the peak number of
events (peak n 1) in each of the latency
histograms as a function of the clamp po-
tential (Fig. 3B). At a particular voltage,
we can define the relative probability of
evoking a local [Ca?™*], transient (P c7) as
NLCT/MLCT(max)y  Where NicrT(max) is the
maximum number of local [Ca®*] tran-
sients that occurred at a selected potential
(+10 mV in Fig. 3A). Therefore, P, 1
will be given by the product of two other,
independent probabilities according to

Pier =k X Pyjcr X Py (1)

where P is the probability that the L-type
Ca?* channel will be open, P~ is the
probability that the current of Ca** (l)
through it will trigger the release of Ca®*
from the cluster of RyRs, and k is a scaling
factor to make P, ~r equal to 1.0 at a pulse
potential of —40 mV. Values for P, ~ were
computed according to Eq. 1 from the data
and P, (21) (Fig. 3C). The dependence on
pulse potential of P, 1 follows approxi-
mately the expected dependence on voltage
of 1, which suggests that P, Lot is a function
of the single L-type Ca?* channel current.
A controversial issue, important to the
theory of local control of EC coupling, has
been whether Ca’* entering cells through
Na-Ca exchange can also trigger SR Ca’*
release (22). To investigate this issue, we
voltage-clamped cells for 200 ms to mem-
brane potentials as high as +100 mV,
where entry of Ca?* through Na-Ca ex-
change occurs but not entry of Ca’* via
L-type Ca’?* channels (23) (Fig. 4). Local

[Ca?*], transients were not observed during

450

[Ca2+

during the pulse to —20 mV but not during that to +80 mV, despite the
relatively homogeneous increase in [Ca2*]; at +80 mV.
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pulses to these potentials, although the spa-
tially averaged [Ca?*], increased slowly to
relatively high concentrations (Fig. 4, A
and B). Calcium entry through L-type Ca?*
channels (Vp = —20 mV) was much more
effective in triggering local [Ca’*]. tran-
sients than an increase in the average
[Ca?*], in the cell (Vp = +80 mV) (Fig.
4C). Local [Ca**], transients at high posi-
tive clamp voltages were observed only in
cells showing Ca?* waves (16).

Our data support the concept that
[Ca?*], transients under normal conditions
(that is, without verapamil) can be ex-
plained by recruitment of more local
[Ca’*], transients with the same character-
istics as those observed here. First, the bell-
shaped voltage dependence of the number
of local [Ca?*], transients (Figs. 3B and 4B)
is similar to that of the spatially averaged
[Ca%*], transient (24), after accounting for
the average [Ca?*], due to Na-Ca ex-
change. Second, the latency histograms are
explicable in terms of the gating of L-type
Ca’* channels in guinea pig cardiac cells
(17), although channel gating may be mod-
ified in the presence of verapamil (14).
Latency histograms cannot yet be compared
with measurements of whole cell SR Ca?*
release flux because these are not yet avail-
able for guinea pig cells. Accordingly, we
determined how many local [Ca®*], tran-
sients must be evoked to produce the nor-
mal whole cell [Ca?"]; transient. At 0 mV,
we observed that three local [Ca?*], tran-
sients were elicited, on average, in the first
40 ms. This yields a peak frequency of ~2
s~! wm ™! along the length of the scanned
cell. As the peak average [Ca?*], is 120 nM,
the contribution of each local [Ca?*], tran-
sient to the average [Ca’"], is 40 nM.
Therefore, to produce a whole cell [Ca?"],
transient of 1.5 wM under normal condi-
tions, the peak frequency of local [Ca?*],
transients would have to be at least 12 times
greater than that observed here in the pres-
ence of verapamil. In summary, the [Ca®*],
transient in the whole cell can be explained
in terms of the recruitment of single, ste-
reotyped unitary events (local [Ca?*], tran-
sients), controlled locally by single L-type
Ca’* channels in the plasma membrane.
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The Control of Calcium Release in Heart Muscle
M. B. Cannell, H. Cheng, W. J. Lederer*

The control of calcium release from intracellular stores (the sarcoplasmic reticulum) in
cardiac muscle was examined with the use of a confocal microscope and voltage clamp
techniques. Depolarization evoked graded calcium release by altering the extent of spatial
and temporal summation of elementary calcium release events called ‘““calcium sparks.”
These evoked sparks were triggered by local L-type calcium channel currents in a
stochastic manner, were similar at different potentials, and resembled spontaneous
calcium sparks. Once triggered, the calcium release from the sarcoplasmic reticulum
during a calcium spark was independent of the duration of the triggering calcium influx.
These results were used to develop a unifying model for cardiac excitation-contraction
coupling that explains the large (but paradoxically stable) amplification of the trigger
calcium influx by a combination of digital and analog behavior.

I cardiac muscle, the archetypical ryano-
dine receptor (RyR) is gated by Ca?* influx
across the plasmalemma and serves to am-
plify the Ca?* influx by releasing sufficient
Ca?™ from the sarcoplasmic reticulum (SR)
to activate contraction. This process is the
cornerstone of excitation-contraction (EC)
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coupling and has been termed Ca’-in-
duced Ca?*release (CICR) (1). Because the
Ca?* efflux from the SR is between 10 and
65 times larger than that due to the Ca**
current (I,) through channels in the plas-
ma membrane (2, 3), the release of Ca?*
will tend to cause further release, leading to
uncontrolled regenerative behavior (posi-
tive feedback). However, Ca?* release from
the SR seems to be tightly regulated by both
the amplitude and duration of I, (2, 4, 5).
Ca?*-dependent inactivation of Ca’* re-
lease (1) could have provided a solution to
this paradox; however, this mechanism has
not been observed in intact cells (4, 6). To
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