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ABSTRACT The intracellular calcium ([Ca2+]i) transient in adult rat heart cells was examined using the fluorescent calcium
indicator fluo-3 and a laser scanning confocal microscope. We find that the electrically evoked [Ca2+]j transient does not rise
at a uniform rate at all points within the cell during the [Ca2+]i transient. These spatial non-uniformities in [Ca2+], are observed
immediately upon depolarization and largely disappear by the time the peak of the [Ca2+]i transient occurs. Importantly, some
of the spatial non-uniformity in [Ca2+]j varies randomly in location from beat to beat. Analysis of the spatial character of the
non-uniformities suggests that they arise from the stochastic nature of the activation of SR calcium-release channels. The
non-uniformities in [Ca2+]i are markedly enhanced by low concentrations of Cd2 , suggesting that activation of L-type calcium

channels is the primary source of activator calcium for the calcium transient. In addition, the pattern of calcium release in these
conditions was very similar to the spontaneous calcium sparks that are observed under resting conditions and which are due
to spontaneous calcium release from the SR. The spatial non-uniformity in the evoked [Ca2+]i transient under normal conditions
can be explained by the temporal and spatial summation of a large number of calcium sparks whose activation is a stochastic
process. The results are discussed with respect to a stochastic local control model for excitation-contraction (E-C) coupling, and
it is proposed that the fundamental unit of E-C coupling consists of one dihydropyridine receptor activating a small group of
ryanodine receptors (possibly four) in a square packing model.

INTRODUCTION

The contraction of heart muscle is activated by an increase
in the free intracellular calcium concentration ([Ca2 ].) that
is due to calcium influx across the sarcolemma (SL) as well
as calcium release from intracellular stores (see Wier (1990)
for review). The majority of the calcium that activates con-
traction comes from the sarcoplasmic reticulum (SR) and the
release of this calcium is "triggered" by the SL calcium influx
via a process known as "calcium-induced calcium release"
(CICR) (Fabiato, 1985a,b; see Callewaert (1992) for review).
Thus the sarcolemmal calcium influx (due to the calcium
current as well as the Na/Ca exchanger) is amplified by the
CICR mechanism to provide sufficient calcium to activate
the contractile proteins. Amplification of an increase in
[Ca2+]i by CICR is a positive feedback system, which is
therefore potentially unstable. However, under normal
conditions the release of calcium by the SR is completely
graded (Cannell et al., 1987a,b; Beukelmann and Wier, 1988;
Callewaert et al., 1988; duBell and Houser, 1989).
Whereas graded release of calcium would be explainable

by a low-gain system, some features of calcium release from
the SR were indicative of a high-gain system (Cannell et al.,
1987b). This apparent variation in gain led to the suggestion
that a simple CICR mechanism (where calcium release de-
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pends only on the spatial averaged calcium influx and
[Ca2"]i) could not explain the regulation of SR calcium re-
lease (Cannell et al., 1987b; Wier et al., 1994). To reconcile
a variable gain system with CICR, it has been suggested that
the spatial organization of the SR release channels may play
a critical role in excitation-contraction (E-C) coupling
(Niggli and Lederer, 1990a; Wier et al., 1994). SR release can
be terminated once it has started by switching off the calcium
current (Cannell et al., 1987b; Cleeman and Morad, 1991;
Wier et al., 1994), which is difficult to reconcile with simple
CICR models (Cannell et al., 1987b), a view supported by
the recent results of Wier et al. (1994). Mathematical mod-
eling also suggested that calcium release from the SR was not
explainable by a simple CICR mechanism unless the model
also included stochastic gating of spatially organized SR re-
lease sites (Stern, 1992). Thus, although the relationship be-
tween the spatial averaged [Ca2+]i and the calcium current
has been taken to support simple (mass action) CICR models
(e.g., Callewaert, 1992), more detailed analysis suggests that
CICR from the SR requires additional factors that introduce
nonlinearities in the transfer function between [Ca2+]i and SR
calcium release (such as stochastic channel gating (Stern,
1992); and/or small diffusional spaces (Niggli and Lederer,
1990a)).

There is a nonlinear relationship between the peak of the
[Ca21]i transient and the calcium current (Cannell et al.,
1987a,b; Callewaert et al., 1988; duBell and Houser, 1989).
However, Callewaert et al. (1988) proposed that the rela-
tionship between the calcium current and SR calcium release
should be measured during the rising phase of the [Ca21]i
transient, and the resulting linear relationship between the
calcium current and [Ca21]i has been taken as evidence in
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support of a simple CICR model where the SR release chan-
nel is tightly coupled to a sarcolemmal calcium channel (see
Callewaert, 1992). However, biochemical evidence does not
support a 1:1 relationship between sarcolemmal calcium
channels and SR release channels (Bers and Stiffel, 1993).
In addition, models of this type (which are inherently low
gain with respect to spatially averaged cytosolic [Ca2]) will
not predict propagating CICR (or calcium waves), because
they assume that the SR release channel is quite insensitive
to cytosolic calcium. The latter assumption is required to
enable control only by the local calcium concentration
(which is determined by the calcium influx via the sarcolem-
mal calcium channels during activation) to prevent non-
graded regenerative behavior. More recently, Wier et al.
(1994) reported that the relationship between calcium release
and calcium current was very nonlinear and suggested that
magnitude of the voltage-dependent calcium influx via single
calcium channels is a critical factor in determining calcium
release from the SR.

It is possible that the reported differences in the relation-
ship between the calcium current and [Ca2+]i (see above) may
be partly explained by changes in the spatial distribution of
[Ca2+]i during the rising phase of the [Ca2]i transient. [Ca21]i
must be non-uniform (at least at the subsarcomeric level)
during the rise in [Ca21]i (Cannell and Allen, 1984; Wier and
Yue, 1986), and this is a potentially serious problem for
analysis of CICR, because a nonlinear relationship between
calcium current and SR calcium release will not be defined
by the relationship between spatial averaged [Ca2+]i and cal-
cium current (for the same reasons that a nonlinear indicator
does not correctly report spatial averaged [Ca2]i; see Yue
and Wier (1985)).

Real-time examination of the properties of SR calcium
release channels in intact heart muscle cells was made pos-
sible recently using confocal microscopy and the calcium
indicator fluo-3 (Cheng et al., 1993). This work, examining
calcium sparks (which arise from the spontaneous opening
of SR calcium release channels) provided evidence that
CICR is not particularly sensitive to [Ca21]i under resting
conditions (as suggested by Niggli and Lederer, 1990a) so
that propagating waves of CICR do not normally occur. A
similar conclusion was reached by Trafford et al. (1993). In
this paper we examine the spatial uniformity of calcium tran-
sients evoked by electrical stimulation and, for the first time,
show that the activation of SR calcium release by depolar-
ization is not spatially uniform. In addition, we examine the
relationship between calcium sparks and the normal calcium
transient and the extent to which the observed local non-
uniformities in [Ca21]i can be explained by stochastic gating
of channels involved in excitation-contraction coupling.

MATERIALS AND METHODS

Cells

Single rat cardiac myocytes were dissociated by enzymatic treatment as
described elsewhere (Cheng et al., 1993; Mitra and Morad, 1985). Aliquots

50 ,ug Fluo-3 AM, 25 ,ug Pluronic (Molecular Probes, Eugene, OR) in 100
,ul dimethyl sulfoxide) for 5 min followed by a 30-min wash in extracellular
solution to allow time for deesterification.

Solutions

The standard bathing solution contained (in mM): 137 NaCl, 5.4 KCl, 1.2
MgCl2. 1 CaCI2, 20 HEPES (pH = 7.4 at 25°C). CdCl2, 2,3-butanedione
monoxime (BDM) (Sigma Chemical Co., St. Louis, MO), thapsigargin
(Sigma Chemical Co.) and ryanodine (S. B. Pennick and Co., New York)
were added to the standard bathing solution as needed. Control experiments
showed that BDM had no effect on the fluorescence of fluo-3.

Confocal microscope

A modified Biorad MRC 600 confocal scanning head was attached to a

Nikon Diaphot microscope. A Zeiss Neofluor 63X 1.25 N.A. objective lens
was used in most of the experiments; other experiments used a Nikon
Neofluor 40X 1.3 N.A. objective. The confocal detector aperture was set
to 75% of maximum, providing an axial (z) resolution of 0.8 ,um and x-y

resolution of just under 0.4 ,um as measured at full width at half maximal
with 0.1-gm fluorescent beads (Molecular Probes, Eugene, OR). Illumi-
nation was provided by a 20-mW Argon ion laser (Ion Laser Technology,
Salt Lake City, UT) whose illumination intensity was set by selectable
neutral density filters. The excitation wavelength (488 nm) was selected
using interference filters.

Cells were electrically stimulated with 2-ms voltage pulses delivered
through parallel platinum wires. The stimulation voltage was set to 1.5 times
threshold. The stimulation pulse was triggered by the confocal scan at a

selectable line and pixel. The exact timing of the stimulation was marked
in the image by triggering a light-emitting diode mounted near the MRC 600
photomultiplier detector to flash for 1 ,us. This marked the stimulation time
by briefly saturating the photomultiplier output signal (for one pixel).

Image analysis

The confocal microscope interface was hosted by a 66-MHz 486 computer
(Gateway 2000, N. Sioux City, SD) and data files were archived in a

600-MB rewritable optical cartridge. Image processing was performed on

an IBM RS/6000 workstation (IBM, Boca Raton, FL) running IDL software
(Boulder, CO). Final images were photographed directly from the computer
monitor.

Calcium concentration calibration

The time course of the [Ca2+]i transient can be estimated from the fluo-
rescence record, given the following:

[Ca]i = K(F Fmin)
(Fmax-F)

(1)

where K is the affinity of the indicator for calcium, Fmin the fluorescence in
the absence of calcium, and Fm., the fluorescence in the presence of satu-
rating calcium (Grynkiewicz et al., 1985).

For fluo-3, Fmn, O so that Fmi, can be estimated from the resting level
of [Ca2+]j:

Fm,ax, = F (C + 1) (2)

An estimate of the time course of the [Ca2+]i transient can be made
from the fluorescence record by dividing Eq. 1 by Fe,,, and substituting
Eq. 2 for Fm.:

KR
[Ca]i =K/[Ca]rt- R + 1 (3)

of cells were exposed to 5 ,uM fluo-3 AM (diluted from a stock containing
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that [Ca2+]i at rest was close to 100 nM as shown in other studies (e.g.,
Cannell et al., 1987b; Allen et al., 1984; Wier et al., 1987; Beukelmann and
Wier, 1988; McGuigan and Blatter, 1987). This procedure also requires that
1) there be negligible indicator bleaching during the confocal scan, 2) the
indicator concentration be constant, and 3) the dye path length be constant.
These requirements are met because the confocal microscope provides a cell
section of constant thickness and, at the illumination power used, there was
negligible bleaching during the scan. Movement artifacts were avoided by
restricting calibration to the time before cell movement was detected or else
by inhibiting contraction with BDM.

Use of line-scan images for studying
[Ca2+], uniformity

A laser-scanning confocal microscope (LSCM) generates raster-scanned
images by rapidly moving the focused laser beam over the cell, and it takes
between 0.1 and 4.0 s to obtain an image, depending on the spatial resolution
of the acquired image and the scan speed. This limited whole-cell image
acquisition time precludes detailed examination of the rising phase of the
[Ca2+]j transient, as illustrated in Fig. 1. Fig. 1 A shows the transmitted light
image of the cell obtained with the confocal microscope and Fig. 1 B shows
a fluorescent image of the same cell loaded with fluo-3 and field stimulated
when the scan was halfway through the cell. The increase in fluorescence
of the cell is due to the increases in [Ca2+]i evoked by the stimulus, but
because each line in the image is separated by 2 ms, the image does not
reflect a "snapshot" of the calcium distribution within the cell. Thus [Ca2+jj
is being measured at different times at different points within the cell, and
it is not possible to extract the time course of change in [Ca2 ]J at any one

point with such an image. To overcome this problem, the same line across

the cell can be repeatedly scanned and the intensity of each scan line dis-
played as a "waterfall" plot by placing successive lines below each other
(Fig. 1 C). With this approach, spatial information in one dimension is
discarded to provide a higher time resolution (2 ms). Thus the horizontal
dimension in the plot is distance along the scan line, whereas the vertical
dimension is time (increasing from top to bottom). Note that the cell con-

traction is visible as a shortening of the fluorescent region and that the
[Ca2+]i transient clearly precedes the contraction.

RESULTS

Imaging the [Ca2+]J transient

A recent series of experiments using the LSCM have dem-
onstrated that SR calcium release can be viewed at rest and
during electrically activated calcium transients (Cheng et al.,
1993). To a first approximation, these experiments showed
that the stimulated calcium transients appeared to rise quite
uniformly as a result of synchronized activation of SR
calcium release. The experiments reported here were de-
signed to extend these initial observations and examine, in
detail, the uniformity of the SR calcium release activated by
depolarization.

Close examination of the data shown in Fig. 1 C reveals
some non-uniformity in the fluorescence signal. Another cell
is shown in Fig. 2 A where the non-uniformity has been
enhanced by increasing both the illumination intensity and
the display contrast. The scan was started 456 ms before the
cell was electrically stimulated, and the stimulus resulted in
a rapid increase in fluorescence throughout the cell. After a

short delay, the cell contracted by about 8.6%. It is notable
that the increase in fluorescence did not occur as a sharp line
across the cell, implying that calcium release was not spa-

tially uniform, although there is no obvious systematic varia-

FIGURE 1 (A) Transmitted light micrograph of a single rat heart cell
loaded with fluo-3. Scale bar 10 gim. (B) Fluorescence image of the cell
shown in (A). The resting distribution of fluorescence was quite uniform and
the cell was electrically stimulated when the confocal scan was halfway
across the cell. Note the distortion of the ends of the cell as the cell contracts
implying that the image is not a "snapshot" of the [Ca2+]i distribution in the
cell. Scale bar 10 ,im. (C) Line-scan image of the same cell as in (A) and
(B). This image was constructed by taking repeated scans along the same
line and plotting the intensity of each scan line underneath each other. 456
ms after starting the line-scan image the cell was electrically stimulated. This
resulted in a rapid increase in fluorescence along the scanned line, corre-
sponding to an increase in [Ca2+]. In addition, the cell contraction is visible
as a shortening of the length ofthe scanned line. Note the high level of spatial
and time resolution. Scale bar 10 gm horizontally, 100 ms vertically.

tion in the time course of calcium release. By averaging pix-
els in Fig. 2 A in the horizontal direction, the time course of
the spatial averaged fluorescence can be determined, and the
length of the scanned line provides a measure of the cell
shortening. Fig. 2 B shows the time course of these measures
taken from the line-scan image in Fig. 2 A. Approximately
4 ms after the electrical stimulus, the fluo-3 fluorescence
starts to rise, reaching 90% of its final level in 36 ms and
peaking at 48 ms. The cell contraction starts at 34 ms, reach-
ing 90% of maximum in 94 ms and peaking at 112 ms. After
reaching maximum, the fluorescence declines with a half
time of 138 ms and contraction declines with a half time of
104 ms.
Because there is a delay before cell movement occurs, the

spatial non-uniformities in the line-scan image of fluores-
cence changes cannot be explained by movement artifacts.
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FIGURE 2 (A) Line-scan "waterfall plot" of an elec-
trically evoked [Ca2+]i transient. Note the non-
uniformity in fluorescence visible as gaps in the other-
wise steplike increase in fluorescence. The gaps occur
before significant cell shortening occurs (visible as a
reduction in the length of the scanned line). Scale bar 20
,gm horizontal, 100 ms vertical. (B) The time course of
spatial averaged fluo-3 fluorescence and cell contraction
form the data in (A). Note the rapidity of the increase in
fluorescence compared with contraction. (C) Expanded
and normalized (see Materials and Methods) fluores-
cence record around the time of stimulation. Normal-
ization did not remove the non-uniformity in the signal,
and the non-uniformity appeared before cell contraction
occurred. Scale bar 20 ,um horizontal, 50 ms vertical.
(D) Normalized fluorescence along scan lines at various
times after stimulation. At rest the image is quite uni-
form, but 20 ms after stimulation the normalized fluo-
rescence became very non-uniform. The uniformity of
the normalized fluorescence signal then increases with
time. (E) Time course of normalized fluorescence from
the two regions indicated in (A). The indicated regions
were 5.8 ,um wide. Note the slow increase in fluores-
cence in region b as compared with region a. However,
the time course of the signal from the two regions be-
comes very similar after the peak of the [Ca2+]i transient.
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The non-uniformities in the fluorescence signal are shown at
higher resolution in Fig. 2 C, in which the data has been
normalized (see Materials and Methods) to remove possible
non-uniformities in dye distribution. The local variations in
the time course of the fluorescence change were largely un-
altered by the normalization procedure, from which we con-
clude that the resting distribution of fluo-3 cannot explain
such large variations in the time course of rise in [Ca2+]i. Fig.
2 D shows the normalized fluorescence profile along single
scan lines just before stimulation (0 ms), and then at 20, 100,
and 200 ms after stimulation. It is clear that the spatial non-
uniformity is largest during the rise of the [Ca21]i transient
and that the non-uniformity largely disappears during the
falling phase of the [Ca2+]i transient. To quantify the time
course of the change in [Ca2+1 at two different regions within
the cell, the intensity (of the regions shown as bars in Fig.

2A) is plotted against time in Fig. 2 E. The fluorescence ratio
of the region on the right rises more slowly than the region
on the left, but the signal from both regions decays with a
similar time course. The fact that the traces merge during the
relaxation phase of the transient supports the idea that these
spatial non-uniformities in fluorescence are not due to dif-
fering dye distributions or movement artifacts. We therefore
conclude that there are significant spatial non-uniformities in
[Ca21]i that develop during the early part of the electrically
evoked calcium transient, and these non-uniformities dissi-
pate during the relaxation phase of the [Ca21]i transient.

Beat to beat variation in [Ca2l],
If the observed variations in the spatial distribution of [Ca21]i
during the upstroke of the [Ca21]i transient were due to
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differences in the spatial organization of the SR or the pres-
ence of sub-cellular structures not involved in E-C coupling,
the pattern of release should be constant, from contraction to
contraction. To examine this possibility, the cell was stimu-
lated at 0.5 Hz and each contraction recorded. A sequence of
five line-scan plots associated with sequential contractions is
shown in Fig. 3 A. There are clear differences between the
images, showing that the pattern of release varied between
contractions. The changing pattern of calcium release is
made clearer on examination of the sequence of difference
images shown in Fig. 3 B. These difference images were
constructed by subtracting each normalized image from the
preceding image and rescaling the output between black and
white. The four resulting difference images show the pattern
of calcium release changes between contractions and that
there are not systematic changes in the pattern of calcium
release. The nature of the changing patterns of release sug-
gests that there is a stochastic process underlying the calcium
release evoked by depolarization.

Although some of the non-uniformities in [Ca2+]i were
variable between contractions, there were also non-
uniformities that did not change position within the cell be-
tween stimuli. This point is illustrated in Fig. 3 C, where 20
stimulated transients were averaged. Given that averaging
will preserve time-invariant patterns of release, the non-
uniformities visible in Fig. 3 C are more likely to be due to
the subcellular architecture, which does not change position
with time. It is notable that these data show that [Ca21]i in-
creases at all points within the cell; however, some regions
appear to respond, on average, more weakly and with dif-
fering time courses. However, whether these fixed release
patterns are due to the distribution of structures directly in-
volved with E-C coupling (such as the spatial organization
of the t-tubular system) or whether they are due to areas of
the cell that do not support E-C coupling (such as mito-
chondria) is unclear.

Uniformity of sarcolemmal calcium influx

In principle, the non-uniformities in [Ca2+]i could arise either
from non-uniformities in calcium release from the SR or

from alterations in the distribution of calcium current across

the cell. Given that the calcium current provides the trigger
for calcium release from the SR, non-uniformities in calcium
current could be amplified by calcium release from the SR.
To examine this possibility, SR calcium metabolism was in-
hibited with ryanodine (McPherson and Campbell, 1993) and
thapsigargin (Kirby et al., 1992) (to block SR calcium release
and uptake, respectively). In these conditions the increase in
[Ca2+]i evoked by depolarization was much smaller, and the
consequent reduction in the signal-to-noise ratio prevented
detailed examination of the distribution of the rise in [Ca21]i.
To ameliorate this effect partially the calcium concentration
in the bathing solution was increased to 10 mM. Fig. 4 shows
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FIGURE 3 (A) The top series of panels shows five sequential line-scan
images. Note the varying pattern in the normalized fluorescence record just
after the point of stimulation (near the rapid increase in signal associated
with the upstroke of the [Ca2+]i transient). (B) A sequence of difference
images from the data shown in (A). A threshold has been applied to the data
to clarify differences between pairs of images. (C) Averaged line-scan im-
age from the data shown in (A). Note that some of the non-uniformity in
normalized fluorescence is relatively time invariant as shown by the per-

sistence of patterns in this averaged image. Scale bar 10 jLm horizontally,
100 ms vertically.

FIGURE 4 Normalized fluorescence transients in the presence of SR in-
hibitors (1 ,iM ryanodine to block SR release channels and 1 J,M thapsi-
gargin to block SR calcium uptake). The bathing calcium was raised to 10
mM to increase the amplitude of the [Ca2"]i transient in the these conditions.
The time of stimulation is indicated by a small horizontal bar at the left of
each panel. Note that, despite the reduction in signal (and signal-to-noise
ratio) the increase in [Ca2+]i still occurred rapidly across the width of the
region scanned. (B) To accentuate any non-uniformities in [Ca2+]i, the im-
ages in (A) were filtered (filter half-widths 1.0 ,um and 6 ms) and the contrast
stretched. Some non-uniformity in the time of rise of the signal after stimu-
lation can be seen in these images. Scale bar 5 ,im horizontal, 50 ms vertical.
(C) The normalized fluorescence signal in control conditions and after ex-
posure to ryanodine and thapsigargin was converted to [Ca2+]i as detailed
in Materials and Methods. Note that [Ca2Ii is plotted on a logarithmic scale
and that ryanodine and thapsigargin profoundly depressed the amplitude of
the [Ca2+]i transient while slowing its decay.
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a series of line-scan images of the rise in [Ca2+]i evoked by
depolarization in these conditions. Although there is noise in
the data, a couple of features are notable. 1) The rise in
[Ca2+]i occurs across the whole cell with little delay, showing
that there must be calcium channels in the t-tubular system.
2) Although weak, there are some non-uniformities in [Ca2]i
that are variable between images. To clarify the latter point,
the images were low-pass fitered to give a spatial resolution
of 1.0 ,um, and the contrast increased (Fig. 4 B). After this
image processing, the differences between the images are
clearer. Thus, although noisy, these data suggest there is
some spatial non-uniformity in the calcium current (and other
sources for calcium influx; see Discussion). Nevertheless,
the rise in [Ca2+]i due to the calcium current occurs virtually
simultaneously at the sarcolemmal surface and deep within
the cell, as would be required to support synchronized CICR
throughout the cell.
The time course of the [Ca21]i transient calculated from the

normalized fluorescence record is shown in Fig. 4 C as well
as the [Ca2+]i transient observed before exposure to ryano-
dine and thapsigargin. The large decrease in the amplitude
of the [Ca21]i transient is expected from previous work sup-
porting the idea that the calcium current supplies only a small
fraction of the calcium required for normal contraction
(Cannell et al., 1987b; Sipido and Wier, 1991; Kirby et al.,
1992; Varro et al., 1993). In addition, the declining phase of
the [Ca2+]i transient was slowed, demonstrating the impor-
tance of SR calcium uptake in the decline of the calcium
transient (Cannell, 1991; Kirby et al., 1992; Bers et al., 1989).
An estimate of the relative contribution of the calcium cur-
rent to the [Ca2+]i transient can be made by comparing the
relative amplitudes of the transients shown in Fig. 4 C. In
eight similar experiments (where the bathing calcium con-
centration was kept constant at 1 mM), the amplitude of the
[Ca2+]i transient in control conditions was 1.57 ± 0.1 ,M,
which decreased to 34 ± 10.7 nM in the presence of ry-
anodine and thapsigargin. Thus the sarcolemmal trigger cal-
cium appeared to provide -2.2% of the total calcium influx
(with the first-order assumption that the change in peak
[Ca2+]i is proportional to the influx).

Time course of the spatial non-uniformity

As noted earlier, the observed non-uniformities in [Ca21]i
were most prominent during the early part of the [Ca21]i
transient. To obtain a more quantitative measure of the time
course of non-uniformities in [Ca21]i, power spectra of the
line-scan data were calculated. The Fourier transform of each
scanned line was calculated and the low-frequency compo-
nents in the power spectrum displayed in a shaded surface
plot (Fig. 5 A) to show the variation in the power spectra with
time during the [Ca21]i transient. There was a marked in-
crease in power at low spatial frequencies during the rising
phase of the [Ca21]i transient, but the time course of this
increase in power was of shorter duration than the calcium
transient. Thhe increase in the amplitude of the low spatial
frequency components was therefore due to spatial non-
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FIGURE 5 (A) Power spectra of lines scanned during an electrically
evoked [Ca2"]i transient. The spatial frequency is calibrated in cycles per
100 ,um, and the time of stimulation is marked by a tick mark on the time
axis. The time course of the amplitude of the normalized fluorescence tran-
sient is shown at the "back" of the plot (edged in white). Note the burst of
low-frequency power associated only with the rising phase of the [Ca2+]i
transient. (B) Time course records showing (top to bottom) amplitude of the
normalized fluorescence transient (extracted from the 0 spatial frequency
component), the time derivative of the normalized fluorescence transient
and excess power in the eight cycles/line spatial frequency range during the
[Ca2+]i transient. (C) Comparison of the time course of the records shown
in (B). Note the similarity in the time course of the derivative and the
low-frequency power components, and that these components declined to
low levels by the time the peak of the [Ca2+]i transient occurred.

uniformities in [Ca2+]i at early times during the [Ca2"]; tran-
sient. It should be noted that the appearance of these low-
frequency components is not explainable by photon noise in
the line-scan images because 1) the shot noise spectrum ex-
tends uniformly across all frequencies so that 2) the time
course of the amplitude of the shot noise spectrum should be
the same as the time course of fluorescence change.
The "burst" of low-frequency power occurred in the spa-

tial frequency domain of 6-18 cycles/line-scan line (which
was 100 ,um long) and was of shorter duration than the
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[Ca2+]i transient. To examine the time course of the devel-
opment and decay of the low-frequency components (i.e.,
spatial non-uniformity in [Ca2+]i), the amplitude of the most
prominent component (at 8 cycles/line, P8) was divided by
the amplitude of the fluorescence signal (which was the com-
ponent of the power spectrum at 0 spatial frequency, PO).
Given that the photon noise (shot noise) power spectrum
extends across all spatial frequencies and has a density de-
pendent on the amplitude of the fluorescence signal, dividing
the spectral components by the fluorescence amplitude
should suppress signal components arising from photon
noise in the record (Fig. 5 B). After correcting P8 in this way,
it was clear that the increase in power at low spatial fre-
quencies (P8/PO) was of much shorter duration than the
[Ca2"]i transient.
To a first approximation, the time derivative of the [Ca2"]

transient is proportional to the rate of calcium release into the
cell (Melzer et al., 1987; Sipido and Wier, 1991). The time
course of development and decay of the low-frequency com-
ponents and the derivative of the fluorescence signal (Fig. 5
C) were very similar, except that the derivative became nega-
tive after the peak of the [Ca2"]i transient. The similarities in
the time course of the derivative signal and the power signal
supports the idea that the observed spatial non-uniformity in
[Ca2+]i arises from the time course of calcium release within
the cell.

Spatial non-uniformities in [Ca2+]1 during the
negative staircase

If the non-uniformities of [Ca2"]i are due to weaker E-C
coupling in some regions of the cell, then the apparent gain
of the CICR mechanism could be a major factor in deter-
mining which regions release calcium. It has been proposed
that the gain of CICR may be dependent on the SR lumen
calcium level (Niggli and Lederer, 1990a; Cheng et al.,
1993), so that interventions that alter the SR calcium content
may alter the pattern of calcium release. Because a decrease
in contraction strength during negative staircases may be due
to a decrease in the calcium content of the SR (duBell et al,
1993; Bouchard and Bose 1992; but see Bouchard and Bose,
1989), it was of interest to examine whether the decrease in
contraction strength was associated with an alteration in the
number of regions that release calcium. To examine this
point, 2,3-butanedione monoxime (BDM) was added to the
bathing medium to minimize cell contraction and prevent
possible movement artifacts. It has been previously shown
that BDM does not block the intracellular [Ca21]i transient
while profoundly depressing tension production (Li et al.,
1985; Blanchard et al., 1990; Gwamathey et al., 1991;
Gyorke et al., 1993; Steele and Smith, 1993).

Fig. 6. shows a series of four stimuli from the rested state
and, as shown earlier, non-uniformities in [Ca21]i were ob-
served after each stimulus. In the panels below each waterfall
plot the time courses of normalized fluorescence, and low
spatial frequency power are shown (Fig. 6 B). With succes-
sive contractions, the amplitude of the [Ca2+]i transient de-
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FIGURE 6 (A) Line-scan images (normalized) during the first four beats
of the negative staircase. Note the non-uniformity at the rising edge of the
[Ca2+]i transient. Scale bar: 10 ,um horizontal, 100 ms. (B) Time course of
normalized fluorescence amplitude and excess low frequency power asso-
ciated with the four contractions shown in (A). Although the fluorescence
decreases during the staircase, the peak power in each trace is comparable.

creased, but the time course of SR release and the time course
of the development and decay of spatial non-uniformity in
[Ca2+]i were relatively constant. Given that the relative ex-
tent of spatial non-uniformity was approximately constant,
the 70% decrease in the amplitude [Ca2+]i transient during
the negative staircase is more likely to be due to a decrease
in the amount released at each site within the cell than to a
decrease in the number of sites that release calcium.

Reducing sarcolemmal calcium current increases
spatial non-uniformity of [Ca2+]1
The amplitude of the [Ca2"]i transient is also modulated by
the amplitude of the calcium current (Cannell et al., 1987b;
Barcenas-Ruiz and Wier, 1987; duBell and Houser, 1989;
Callewaert et al., 1988). As noted above, modulation of the
amplitude of the [Ca2+]i transient could be due either to an
alteration in the amount released at each site or to an alter-
ation in the number of sites that release calcium (or both). To
examine the relationship between the calcium current and
[Ca2+]i non-uniformities, the calcium current was inhibited
with a low concentration of Cd2+. Fig. 7 A shows a line-scan
image of the evoked [Ca2+]i transient obtained from the
rested state in the presence of 10 ,uM Cd2+. The gross non-
uniformity of [Ca2+]i observed in these conditions appeared

1 948 Biophysical Journal



Spatial Non-Uniformities in [Ca2]1

C D

X 2.0
c
a)
Qw

0 1.0
U-iL

E
o
z 1.0

0) 2.0 r a-5b
C

#/'
a

b a2.0
0

500 ms
5 m
500 ms

FIGURE 7 Spatial non-uniformity in the presence of Cd2". (A) After
exposure to 10 ,uM Cd2", the evoked [Ca2]i transient appears to occur in
only a limited number of regions. These evoked increases in [Ca2]j had a
marked similarity to spontaneous calcium sparks (B). (C) The time course
of the normalized fluorescence from the two regions indicated in (A) are
shown as traces a and b (from the left and center regions of (A), respec-
tively). Note the low amplitude of the [Ca2]i transient in these conditions
(compare Figs. 2 E and 6 B). (D) To extract the time course of fluorescence
change at the sites that released calcium, the difference between trace a (of
(C)) and the change in fluorescence in regions (along the same scan line)
that did not release calcium (8b) is plotted in the top trace. The time course
of fluorescence change evoked by depolarization in the presence of Cd2+ is
very similar to spontaneous calcium sparks, both in amplitude and time
course. Scale bars: 5 ,um and 100 ms.

to arise from a limited number of discrete sites that released
calcium. It was suggested earlier (Cheng et al., 1993) that the
calcium spark is an elementary event underlying E-C cou-
pling, in which case the data in Fig. 7 A could be explained
by calcium release being reduced to the point where only a
few calcium sparks are evoked by the depolarization. This
view is supported by comparing the pattern of calcium re-
lease in the presence of Cd2 to a typical spontaneous cal-
cium spark (Fig. 7 B). Visual comparison ofA and B of Fig.
7 suggests that the pattern of release in the presence of Cd2
was very similar to a limited number of calcium sparks, ex-
cept that the calcium sparks were synchronized to the de-
polarizing pulse instead of occurring spontaneously.

This view is supported by comparing the time course and
amplitude of the changes in normalized fluorescence of the
regions shown in Fig. 7, A and B. Fig. 7 C shows the time
course of normalized fluorescence at the site of an evoked
spark (trace a) and at a region between the sparking sites

(trace b). The small, slow increase in [Ca2+]i seen in trace b
probably reflects the diffusion of calcium from sites of re-
lease both within and outside the confocal plane. To compare
the amplitude and time course of these evoked local increases
in [Ca>]i with calcium sparks the increase in [Ca2+]i due to
diffusion from sites outside the focal plane was subtracted
from trace a (Fig. 7 D). It is clear that the amplitude and time
course of the increase in [Ca2+]i at the local sites that are
observed in the presence of Cd are very similar to a spon-
taneous calcium spark. We therefore conclude that under
these conditions, E-C coupling takes place in the form of a
limited number of calcium sparks that are triggered by the
depolarization.

Imaging calcium release sites during normal
E-C coupling

The data presented above suggested that calcium release dur-
ing E-C coupling was the result of the summation of a finite
number of calcium sparks, at least when the calcium current
was inhibited with Cd". To examine the extent to which the
normal calcium transient can be explained by the summation
of a larger number of evoked calcium sparks, images show-
ing spatial non-uniformity of the type shown above were
analyzed with an deconvolution procedure (see Fig. 8).
The first stage of the deconvolution algorithm assumed

that calcium sparks such as those shown in Fig. 7 B were
present in the calcium transient and calculated how many
calcium sparks would be needed to give the spatially aver-
aged signal on each scan line (Ni), while also taking into

FIGURE 8 Summation of calcium sparks evoked by depolarization can
explain the [Ca2]i transient non-uniformity. Figs. Ai and Bi show normal-
ized line-scan image data from the first 28 ms of an evoked [Ca2+]i transient
from two different cells. For both cells, the calculated position and timing
of calcium spark occurrence during the evoked transient are shown in the
panels marked ii. Note that the spark site density is unevenly distributed,
with some sites initiating calcium sparks after a delay. The spontaneous
calcium spark that was used in processing the original data is shown on the
right. In the panels marked iii, the non-uniformity in the rising phase of the
[Ca21]i transient is reconstructed from the spark site data. Scale bar 5 ,um
horizontally, 20 ms vertically.
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account the time varying contribution of sparks on previous
scan lines:

FoFFt- I NJ SO - )

No= ;

soxV I SO

where St is the fluorescence in a spark image (shown in Fig.
8) on scan line t; Ft is the fluorescence in the image at scan
line t and x the spatial coordinate).

Next, a cross-correlation (Rn) between a typical calcium
spark (S(y, t)) and the line-scan fluorescence image (F.)
where the nth spark occurred. The maximum of this corre-
lation gave the spatial coordinate of the nth spark (X.).

(Fig. 8 B), in which E-C coupling was more potentiated (as
evidenced by a peak fluorescence ratio of 3.9 occurring 12
ms after stimulation, which would correspond to [Ca2,]i
1.42gM as compared with [Ca2,]i 0.71 ,uM in cell A) the
algorithm predicted that the calcium sparks occurred more
rapidly after stimulation with a density of 1.15 sparks/,m.
The time course of the change in calcium spark density was
bell-shaped with a peak spark density occurring at 10 and 8
ms after stimulation, and was complete within 20 and 12 ms
(cells A and B, respectively). These data therefore show that
the normal [Ca21]i transient can be explained by the spatial
and temporal summation of a number of calcium sparks
evoked by the depolarization. In addition, the observed spa-
tial non-uniformity in the [Ca21]i transient is consistent with
the presence of calcium sparks whose occurrence is a
time-dependent stochastic process.

R.(x) = S(y, t)Fn(x + y, t + Tn) dy dt

i Xn: Rn(Xn) = max(Rn(X)))J

where

{F1 = F

n =n-1 -S(X + Xn-1, t + Tn-1

DISCUSSION
(5)

In other words, the original fluorescent images (Fig. 8, Ai and
Bi) were used only for deriving the position of the first spark
site. Modified images (F) were then constructed by sub-
tracting the contribution of previously located sparks from
them, which were then used in the cross-correlation. (Be-
cause the algorithm was iterative, the subtraction of sparks
prevented the algorithm from continuously placing sparks at
the same location.) The subtraction and cross-correlation
steps were repeated until N, sparks had been located on each
scan line. These steps of the algorithm therefore gave an

output image (Fig. 8, Aii and Bii) that represented the co-

ordinates (position and timing) of calcium sparks that would
be required to give the observed line-scan fluorescence im-
age. Finally, the timing and position data were used to re-

construct the original image (Fig. 8, Aiii, Biii) by convolving
the coordinate data (image) with a calcium spark to allow
visual comparison with the original data.
As shown in Fig. 8 A, this algorithm was applied to the

rising phase of a calcium transient recorded from a cell whose
spatial averaged transient was associated with a peak fluo-
rescence ratio of 3.2 (occurring 30 ms after stimulation). The
original image is shown in Fig. 8 Ai, and the output image
(showing the calculated coordinates of the spark sites) is
shown in Fig. 8 Aii. The result of the convolution of the
calcium spark with the output image is shown in Fig. 8 Aiii,
and it is apparent that the spatial non-uniformity observed in
the original image is very similar to that seen in the con-

volved image. Thus the spatial non-uniformity in this cell can
be explained by the activation of calcium sparks at various
times and positions after the stimulus. In another cell

The data presented here show that spatial non-uniformities
in [Ca2+]i occur during the rising phase of the depolarization-
evoked [Ca2+]i transient in rat ventricular myocytes. Analy-
sis of these non-uniformities, as well as experiments in which
E-C coupling is modified by drugs, suggests that a large
component of these non-uniformities is due to the stochastic
activation of SR Ca-release channels. The stochastic quantal
nature of E-C coupling reported here supports the idea that
the calcium spark (Cheng et al., 1993) is an elementary event
that underlies normal E-C coupling. It then follows that
graded calcium release will arise from alterations in the time
course of calcium spark activation (an inherently stochastic
process) as well as possible modulation of their amplitude by
changes in the SR luminal calcium concentration.

Detection of spatial non-uniformity in [Ca2+]J
The results presented here show that the LSCM can detect
spatial non-uniformities in [Ca2+]i that develop during the
rising phase of the calcium transient. Previous imaging stud-
ies (e.g., Cannell et al., 1987a, Berlin et al., 1989 Takamatsu
and Wier, 1990a,b) did not resolve these non-uniformities,
probably because the conventional (wide-field) fluorescence
microscope suffers from a loss of contrast as a result of out-
of-focus fluorescence. In addition, the most prominent non-
uniformities in [Ca2+]i last only about 10 ms, which is less
than the conventional video image acquisition time (-30
ms). Furthermore, the fluorescence of fluo-3 is low at resting
levels of [Ca2+]i (Minta et al., 1989), so that the contrast of
the images presented here is considerably greater than those
obtained previously with other fluorescent indicators. Al-
though it was possible to detect spatial non-uniformity in
[Ca2+]i between regions separated by only a few ,um, the
detection of the predicted gradients in [Ca2+]i at the subsar-
comeric level (see Cannell and Allen, 1984; Wier and Yue,
1986) appears to be beyond the resolution of the LSCM at
this time. This is because the volumes involved are too small,
and therefore do not contain enough fluorescent indicator, to
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obtain usable signals at the temporal resolution needed (<10
ms) to resolve such subsarcomeric gradients.

Patterns in fluorescence non-uniformity
After normalizing the fluorescence image, there were
non-uniformities in the evoked [Ca2"]i transient. Two
components in the spatial non-uniformity in [Ca2+]i were
detected. One component was time invariant; this component
can be most simply explained by the presence of subcellular
structures (such as mitochondria) that are not directly in-
volved in E-C coupling, as well as the organization of the
t-tubules and junctional SR. A second kind of spatial non-
uniformity of [Ca2+]i has already been reported by Niggli and
Lederer (1990b), who found that during a stimulated [Ca2+]i
transient, fluo-3 fluorescence increases in the nucleus, but
this increase was delayed as calcium diffused into the nucleus
from the cytosol. We avoided this kind of spatial non-
uniformity of [Ca2"]i by obtaining optical sections that did
not include the nucleus.

Secondly, there were non-uniformities in [Ca2+]i that var-
ied in position between stimuli, and which probably reflect
changing patterns of [Ca2"]i release. The presence of sub-
cellular structures cannot explain the varying patterns of
[Ca2+]i release, because the position of subcellular structures
should be time invariant. In addition, movement of the cell
with respect to the confocal plane cannot explain the varying
patterns of calcium release, given that non-uniformities are
detectable before cell movement starts (as indicated by
movement of the edge of the cell) and when the cell was
treated with BDM, a potent inhibitor of cell contraction.

It is also notable that the depolarization-evoked [Ca2"]
transient became increasingly uniform as the peak of the
transient was approached. This result suggests that calcium
must diffuse readily within the cytosol from the sites of re-
lease and that the sites of calcium release are sufficiently
close together to ensure that large gradients of [Ca2+]i are
dissipated by the time the peak of the [Ca2+]i transient is
reached. The rapid dissipation of [Ca2"]i gradients helps ex-
plain why previous studies did not resolve the non-
uniformities in [Ca2"]i reported here (see above). In addition,
this result supports the idea that the non-uniformities seen at
early times during the [Ca2+]i transient are not due to the
physical exclusion of calcium from regions of the cell.

Time course of E-C coupling across the cell

Apart from the local stochastic non-uniformities in [Ca2+]i
described above, the experiments showed that E-C coupling
takes place virtually synchronously throughout the cell. The
lack of detectable difference in the time of rise of [Ca2+]i
between the center and the edge of the cell (so the rise in
[Ca2+]i appears almost as a step in the line-scan images)
suggests that the trigger for CICR is a local increase in [Ca2+]i
rather than the diffusion of calcium from the surface mem-
brane to the center of the cell. Given that the L-type calcium

E-C coupling, we are forced to conclude that functional
L-type calcium channels must exist in the t-tubular system.
This view is supported by the observation that 10 ,uM Cd2"
dramatically alters the pattern of [Ca2+]i release across the
cell. In addition, exposure of the cell to SR inhibitors results
in smaller transient that also appears as a step in the line-scan
image (Fig. 4). It seems likely that the rise of [Ca2+]i in these
conditions is due to the activation of L-type calcium channels
by the rapid propagation of the action potential into the center
of the cell. Whereas the existence of L-type calcium channels
(which activate calcium release by CICR) in the t-tubular
membrane has been assumed by the majority of workers
when discussing E-C coupling (e.g., Callewaert, 1992; Bers
and Stiffel, 1993), the data presented here directly demon-
strate that the trigger calcium influx occurs via Cd21-
sensitive (L-type) calcium channels throughout the t-tubular
system.

Relationship between non-uniformity in [Ca2l],
and E-C coupling

Non-uniformities in [Ca21]i that vary between contractions
can be explained by two different mechanisms: 1) alterations
in the amount of calcium available for release in the SR, and
2) changes in the number of SR release channels that open
on depolarization.

During steady-state contractions, it is likely that the
amount of calcium in each element of the SR would be rela-
tively constant, as regions that had a low calcium content
would become replenished at the expense of other regions
with a higher calcium content. As shown in Fig. 2, [Ca2+]I
becomes more spatially uniform during the relaxation phase
of the [Ca21]i transient, so that by the end of relaxation each
SR element would contain an amount of calcium that would
depend principally on the ability of that element to take up
calcium. Although we cannot exclude a possible beat-to-beat
modulation of the ability of the SR elements to take up cal-
cium, it seems likely that SR calcium uptake (and hence SR
calcium content) should be relatively constant in the steady
state.
The second possibility, that there are variations in the

number of SR release channels that open with each depo-
larization, seems a more likely candidate for the source of the
spatial variation in [Ca2+]i. Indeed, stochastic variation in the
number of open channels is expected, and the effects of such
variation become effectively larger as the number of chan-
nels decreases. In view of the proposed role of the L-type
calcium channel in triggering CICR, stochastic variation in
the number of open SL calcium channels would affect the
number of SR release channels that open. Furthermore, even

if "activated" the intrinsic gating of the SR release channels
will contribute to variations in calcium release. Given that the
rat heart cell contains about 150 fmol dihydropyridine re-

ceptor (DHPR) binding sites per mg protein and assuming
100 mg protein/cm3 and a 1:1 relationship between DHPR

current is generally thought to supply the trigger calcium for
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we can estimate that there should be about nine L-type
calcium channels/,m3. However, a recent electrophysiologi-
cal study in guinea pig has suggested a density of 1.7 L-type
channels/gm2 (Rose et al., 1992). Given the relationship be-
tween t-tubular membrane area and cell volume (0.12 ,im2/
Am3 (Stewart and Page, 1978)), a much lower density of 0.2
channels/,m3 is calculated. Such a low density does not seem
compatible with the uniformity of the [Ca21]i transient ob-
served in the presence of SR inhibitors (Fig. 4, and see be-
low), and is also difficult to reconcile with the idea that the
calcium current activates CICR in every sarcomere. It is pos-
sible that the recording conditions used by Rose et al. (1992)
(i.e., the choice of holding potential and inhibition of Na/Ca
exchange leading to an increase in [Ca2]) may have resulted
in an erroneously low channel density. On the other hand,
uncertainties in the stoichiometry of dihydropryridine bind-
ing may have led to an overestimate of the L-type calcium
channel density. We therefore suggest that four channels/
,m3 may be closer to the actual L-type calcium channel
density.

In rat ventricular cells, there are about seven times as many
ryanodine receptors (RyR) as DHPR (Bers and Stiffel, 1993;
Wilbo and Godfraind, 1991). However, the corbular SR is
similar in morphology to the junctional SR and also contains
RyR (Jorgensen et al., 1993). In rat, about 40% of the
calsequestrin-containing SR is corbular (Jorgensen et al.,
1985) and, assuming that the RyR is also evenly distributed
in corbular SR, these considerations suggest a stoichiometry
of 1 DHPR:4 junctional RyR:3 corbular RyR. To provide
tight control of the RyR by the DHPR, the DHPR might lie
opposite the center of a square formed by the four RyR at its
corners. This possible arrangement would then represent the
functional unit for depolarization-induced calcium release.
Unfortunately, it is unclear whether the DHPR are confined
to the junctional regions of the t-tubule, so it is also possible
that more than four RyR may be controlled by each DHPR,
as suggested by Bers and Stiffel (1993).

Despite the above uncertainty, the data presented here sug-
gests that E-C coupling during the normal calcium transient
can be explained by the presence of about 1.15 calcium
sparks/,lm along the scan line. As pointed out by Cheng et al.
(1993), the calcium spark could reflect the flux of calcium
from a small number of RyR acting in concert, and with
functional units (as described above) containing a small num-
ber of RyR such concerted behavior is expected (Stern,
1992). Thus a functional unit would behave as if it were a
single channel whose gating is modified by the calcium in-
flux via a DHPR.

It has been estimated that the open probability (po) of an
L-type channel may be 0.03 during depolarization (Lew
et al., 1991; Rose et al., 1992) so that with four DHPR/,um3
we might expect only one open channel every 8 Am along
a confocal scan line. However, the activation of the [Ca2+]I
transient was considerably more uniform than this. It is pos-
sible to reconcile a more uniform level of activation with
such a low p0 by considering the kinetics of calcium channel

gating. Given that

tow
PO = topen

topen + closed
(7)

(where topen and tclosed are the mean open and closed times
respectively) a low po indicates topen « tclOmed. To achieve the
activation of 1.15 spark/lum in the first 8 ms ofE-C coupling,
the average rate of spark production would have to be 144
s-1tLm-'. Assuming that the opening of a single L-type cal-
cium channel activates a spark (see below), and that there are
four channels/,lm along the scan line the mean opening rate
of the L-type calcium channel (l/tCiosed) would have to be >36
s-'. This constraint would suggest that topen < 0.8 ms, a com-
parable figure to that observed in single L-type calcium chan-
nel records (e.g., Rose et al., 1992). It is interesting to note
that this model suggests that each functional release unit is
activated only once by a brief opening of the L-type calcium
channel during the rise of the [Ca21]i transient. This arises
because the mean closed time would be about 27 ms, which
is longer than the time course of calcium release. In con-
nection with this point, if the calcium spark is activated by
the first opening of a calcium channel, then the time course
of calcium spark occurrence should be defined by the L-type
latency for first opening probability density function. Fig. 8
shows that calcium spark occurrence reaches a peak -9 ms
after stimulation and is essentially complete by 20 ms. These
figures are in good agreement with the L-type channel first-
latency probability density function calculated by Rose et al.
(1992), supporting the idea that activation of a functional SR
calcium release is very tightly coupled to the opening of a
single L-type calcium channel. The amplification of the trig-
ger calcium by the release from the SR is therefore due to
both the higher calcium flux through the open RyR functional
units as well as the increased open time of the functional unit
(which will be greater than the mean open time of an isolated
RyR due to the clustering of RyRs in the functional unit; see
Stern, 1992). Within this model, the L-type calcium channels
density ensures that calcium release from the SR takes place
rapidly despite the low po.

Interventions that reduce p0 of the L-type calcium will
therefore reduce the spatial uniformity of [Ca2]i because the
calcium release from each functional SR element will be
under the local control of the calcium influx via its associated
L-type calcium channel. This local control of the calcium
release from the SR elements also predicts and explains the
observed variation in the spatial uniformity of [Ca2+]i during
the rising phase of the [Ca21]i transient, given that the sto-
chastic nature of the L-type calcium channel opening will
lead to stochastic variation in the timing of SR release (spark
activation).

Effect of partial Ca-channel blockade

Low concentrations of Cd2 (10 ,uM) increase the observed
non-uniformity of the first stimulated [Ca2+]i-transient. This
concentration of Cd2 is an order of magnitude below that
required to block 50% of the sodium current and does not
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inhibit the Na/Ca exchanger (Sheets and Hanck, 1992; Egan
et al., 1989; Frame and Milanick, 1991). It has been
suggested that calcium influx via the exchanger, stimulated
by the sodium current and depolarization, may be capable of
triggering calcium release (Leblanc and Hume, 1990; Levi
et al., 1993). Thus in these conditions, we would have ex-
pected any possible contribution of the Na/Ca exchanger to
E-C coupling to have been hardly affected. Because some
regions of the cell failed to release calcium in response to
depolarization in the presence of a low concentration of
Cd2+, we conclude that the Na/Ca exchanger does not appear
to play a major role in triggering calcium release from the SR.
Instead, our results are more simply explained by the SR
release being triggered by L-type calcium channels and by
Cd21 simply reducing the probability of SR release channel
opening at all points within the cell (rather than a reduction
in the amplitude of SR release at all points within the cell).

Cd2+ is a fast open channel blocker (i.e., it reduces topen),
which leaves the single-channel conductance unaltered
(Lansman et al., 1986), so that the observation that there is
a reduction in the number of sites that release calcium in these
conditions supports the idea that the stochastic gating of the
L-type calcium channel is a major factor in determining
the pattern of calcium release. Although direct evidence for
non-uniformities in the trigger calcium influx was limited by
the signal-to-noise ratio in our data, it is likely that non-
uniformities in the timing of L-type calcium opening is an
important factor in determining when calcium release by the
SR occurs. These data also suggest that the open time of
the DHPR is an important determinant of the probability
of SR calcium release channel opening.
The relationship between the open time of the DHPR and

the SR calcium release may not be linear, because the local
calcium concentration will eventually reach some steady
state with longer-lasting openings (i.e., the temporal rela-
tionship between local calcium influx and SR release should
show saturation). Our results obtained with Cd2+ suggest that
the open time of the DHPR is not so long that E-C coupling
operates in a saturated condition. This arises from the ob-
servation that the probability of calcium release is reduced
by reducing the mean open time of the DHPR (with Cd2).
In addition, we expect the probability of release unit acti-
vation to decline at more positive potentials (for a given
DHPR open time), because voltage also affects the flux
through the DHPR. In connection with these points, Cannell
et al. (1987) showed that SR calcium release appeared to be
near maximal over a range of voltages where the calcium
current could be increased by as much as 50%. In addition,
it was shown that 30% ofthe maximal calcium current caused
83% of the maximum SR release at negative membrane po-
tentials, whereas 60% was released at positive potentials
(their Fig. 3).
More recently, Wier et al. (1994) have extended some of

the results of Cannell et al. (1987) and have concluded that
local non-uniformities in [Ca2+]i may be the cause of the
apparent variation in the ability of a given calcium current

defined by the flux ratio; see below). However, it should be
noted that their conclusions are based on the interpretation
of spatially averaged data obtained with a highly nonlinear
calcium indicator (indo-1), which will cause errors in esti-
mating [Ca2+]i when spatial non-uniformities in [Ca2+]i are

present (Yue and Wier, 1985). Unfortunately, although we
have demonstrated that non-uniformities in [Ca2+]i are

present during the rising phase of the [Ca2t]i transient, we are

unable to quantify the possible contamination of the data of
Wier et al. (1994) by nonlinear indicator effects. Neverthe-
less, it is clear that caution should be applied to the inter-
pretation of experiments that depend on measuring (with
nonlinear indicators) [Ca2+]i during the rising phase of the
[Ca2+]i transient, especially when the calcium current is re-

duced, as gross non-uniformities in [Ca2+]i then occur.

Relationship between the increased calcium
spark rate during E-C coupling and
the trigger calcium influx

During E-C coupling, our data suggest that there is a large
increase in the calcium spark rate to -144 s- 1 pm-1. Under
resting conditions, the spontaneous calcium spark rate is
about 1 s-5 in a line-scan image encompassing 150 ,um (data
not shown; Cheng et al., 1993), which implies that the trigger
calcium influx increased the spark rate by about 2.2 X 104.
If the calcium spark rate is determined only by the local
calcium concentration (as required by the CICR mechanism),
this implies that this increase in rate should be proportional
to the increment in local calcium raised to the power N, where
N is the apparent number of calcium sites that regulate re-

lease channel opening. If the opening rate of the RyR is
proportional to the square of the local calcium concentration
(N = 2; see Gyorke and Fill, 1993, Fig. 2), then a 2.2 X 104
increase in calcium spark rate would require local calcium to
increase by a factor of about 150. Thus if the resting calcium
concentration is 100 nM, the local calcium concentration
would have to increase to -15 ,uM to explain the observed
increase in calcium spark rate (note that a linear dependence
of RyR opening rate on [Ca2]i is not compatible with these
data). This predicted increase in local calcium concentration
is considerably greater than the estimate of the increase in
spatial averaged calcium (34 nM) observed in the presence

of SR inhibitors.
The difference between these two figures can be explained

by the calcium influx entering and being sensed in a "fuzzy
space" (Niggli and Lederer, 1990a; Lederer et al., 1990) from
which the calcium subsequently diffuses. Assuming that the
calcium influx into the fuzzy space is the same as that which
appears in the cytoplasm, these observations suggest that the
fuzzy space (i.e., the volume in which the trigger calcium is
sensed) must be <0.2% of the cytoplasmic volume (this is an
upper-limit estimate, given that it ignores calcium uptake and
the time course of calcium influx during the action potential).
This is similar to an estimate of the volume of the "fuzzy
space" (0.3%; Lederer et al., 1990) and, for comparison, is

to cause calcium release from the SR (or variation in gain as
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of the same order as that of the junctional SR (0.3% of cell
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volume (Page et al., 1971)). Thus our data support the idea
that the trigger calcium initially flows into a small fraction
of the cell (or fuzzy space) where it is sensed by the CICR
mechanism to cause release from the SR (see Niggli and
Lederer, 1990a; Lederer et al., 1990; Leblanc and Hume,
1990; Sham et al., 1992). Thus the close apposition of the SR
and t-tubular membranes ensures that when an L-type cal-
cium channel opens the SR calcium release channels are
exposed to a high calcium concentration to greatly increase
their opening rate. Although once opened the SR release
channel will activate its neighbors, the system does not ex-
hibit uncontrolled regenerative behavior (i.e., the SR release
channels do not remain permanently open) because the finite
open time of the RyR ensures that the SR release channels
will eventually close and allow diffusion of the activator
calcium to reduce the local calcium concentration below a
level needed to reactivate the SR release channel(s). This
process has been termed "stochastic attrition" (Stem, 1992)
and provides both high gain as well as stability in E-C
coupling.

Calcium release during steady-state contractions

In rat heart muscle, steady-state contractions are smaller than
rested-state contractions, a phenomenon that may be due to
a reduction in the calcium content of the SR (see Bers (1991)
for review). In principle, the decreased amplitude of the
[Ca21]i transient and contraction strength could arise from
two mechanisms: first, a reduction in the number of SR re-
lease channels that open with each depolarization; and sec-
ond, a reduced calcium flux from each open channel as a
result of the decrease in SR lumenal calcium concentration.
Considering the first possibility, there are several lines of
evidence (albeit indirect) that support such a mechanism.
1) In vesicles, the calcium release rate-constant depends on
the occupation of calsequestrin by calcium (Ikemoto et al.,
1989). 2) Bilayer experiments suggest that the po of the SR
Ca-release channel is increased by lumenal Ca21 (Thedford
et al., 1994; Tripathy and Meissner, 1994). 3) Ryanodine
alters the transition between low- and high-affinity states of
an intralumenal calcium-binding protein that may be calse-
questrin (Gilchrist et al., 1992). 4) Calsequestrin removal
abolishes calcium transients inside the SR lumen as well as
calcium release (Ikemoto et al., 1989, 1991). These lines of
evidence suggest that the lumenal calcium and the calcium
occupancy of calsequestrin (and hence its conformation)
plays some role in the regulation of the ryanodine receptor.
Thus the depletion of calcium from calsequestrin during the
negative staircase could reduce the probability of the release
channel opening, but our data do not show an increase in the
non-uniformity of [Ca21]i in these conditions. However, it is
not possible to exclude such a mechanism at the present time,
given that the calcium current increases during the staircase
from rest (Hryshko and Bers, 1991), which might offset a
possible decrease in open probability. It is also possible that
regulation of the SR release channel by the calcium level in

the SR lumen is only apparent when the SR calcium content
is quite different from that occurring in these experiments.

Nevertheless, our data show that the level of free calcium
in the SR lumen must be lower during repetitive stimuli
(given that the flux was reduced while the number of release
sites was approximately the same). This observation raises
the possibility that the free calcium level in the SR lumen
becomes significantly reduced during a normal [Ca2+]i tran-
sient. In support of this possibility, it has been suggested that
the maximum calcium content of the SR is comparable to
the amount of calcium required for a normal contraction
(Jorgensen et al., 1988; Varro et al., 1993; Bassani et al.,
1993).

Calcium fluxes and coupling between the DHPR
and RyR

As pointed out earlier, the total flux from the SR is -40 times
that of the calcium current and other membrane fluxes. The
flux (J) through an identified channel population is propor-
tional to p. * i * n (where n is the number of channels and i
the single-channel current). Thus the flux ratio over the entire
calcium transient would be:

JR- PO(R) iR nR

JD Po(D) D nD
(8)

(R referring to RyR and D to DHPR). Given nR/nD = 7 (Bers
and Stiffel, 1993) and iR/'D = 7 (i' = 2.2 pA (Rousseau and
Meissner, 1989); 1D = 0.31 pA (Rose et al., 1992)), we can
estimate that poR/Po(D) = 0.8, so that the average open prob-
ability of the RyR during the entire calcium transient would
be comparable to that of the DHPR. However, this does not
imply that the gain of E-C coupling is low, because the sto-
chastic gating of the calcium channels involved in E-C cou-
pling is inadequately described by their p0. In connection
with this point, we note that because the time course of cal-
cium spark activation closely matches the latency to first
opening probability density function of L-type calcium chan-
nels (see above), it is likely that 1) the time course of E-C
coupling is determined by the time course of L-type calcium
channel gating, and 2) the probability of release unit acti-
vation by an L-type calcium channel opening is very high
under normal physiological conditions. Such close coupling
between the functional calcium release unit and the L-type
calcium channel will be helped by the clustering ofRyRs into
functional units. For example, if the functional unit contains
four RyRs (as suggested above) then the probability of unit
activation will be up to four times greater than the probability
of a single RyR opening (depending on Popen of the RyR). It
is intriguing to note that this clustering of RyRs into func-
tional units will tend to oppose any possible decrease in Popen
of the individual RyRs from reducing the probability of SR
calcium release unit activation.
At a simplistic level, the ratio of fluxes (40) could also be

described as the gain of E-C coupling, but given that the
transfer function between input and output is not continu-
ous, caution must be applied to any interpretation of such a
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measure. To clarify the latter point, consider that the sar-
colemmal calcium channels open before the SR release chan-
nels so that the ratio of single-channel fluxes is initially 0.
Later, the sarcolemmal calcium channels close while the SR
channels are open, so that the ratio of single-channel fluxes
is infinite. Thus the gain of E-C coupling at the level of the
elementary local events goes from 0 to infinity during the
contraction and between contractions, when both channels
are closed, and the ratio offluxes is indeterminate. Such behavior
is inconsistent with continuous (analog gain) models ofE-C cou-
pling, so that it will be necessary to consider stochastic behavior
in future models ofE-C coupling to adequately describe behavior
at sarcomeric and subsarcomeric levels.
The problem of defining a single figure of merit for the

strength of E-C coupling has been appreciated in other stud-
ies of E-C coupling where it was noted that the gain of E-C
coupling appeared to be variable depending on the voltage
protocol that was used to elicit calcium release from the SR
(Cannell et al., 1987b; Niggli and Lederer, 1990; Wier et al.,
1994). Indeed, this problem led Cannell et al. (1987b) to
suggest that E-C coupling may be mediated by a process that
requires calcium influx but that might be modulated by volt-
age. A direct role of voltage was ruled out by experiments
using caged calcium (Niggli and Lederer, 1990b), but it is
clear that voltage can affect E-C coupling by modulating both
the single-channel flux and mean open time of the sarcolem-
mal calcium channel. With these two variables being inde-
pendent and both having nonlinear effects on SR release
channel activation, the apparently variable gain of E-C cou-
pling (in the flux-ratio sense) can be explained on the basis
of local stochastic behavior described here.
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