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abstract Amplitude, spatial width, and rise time of Ca?* sparks were compared in frog fast-twitch muscle, in
three conditions that alter activation of release channels by [Ca?*]. A total of ~17,000 sparks from 30 cells were
evaluated. In cells under voltage clamp, caffeine (0.5 or 1 mM) increased average spark width by 28%, rise time by
18%, and amplitude by 7%. Increases in width were significant even among events of the same rise time. Sponta-
neous events recorded in permeabilized fibers with low internal [Mg?*] (0.4 mM), had width and rise times
greater than in reference, and not significantly different than those in caffeine. The spark average in reference
rides on a continuous fluorescence “ridge” and is continued by an “ember,” a prolongation of width ~1 pm and
amplitude <0.2, vanishing in ~100 ms. Ridge and ember were absent in caffeine and in permeabilized cells. Ex-
posure of voltage-clamped cells to high internal [Mg?*] (7 mM) had effects opposite to caffeine, reducing spark
width by 26% and amplitude by 27%. In high [Mg?*], the ember was visible in individual sparks as a prolongation
of variable duration and amplitude up to 1.2. Based on simulations and calculation of Ca?* release flux from aver-
aged sparks, the increase in spark width caused by caffeine was interpreted as evidence of an increase in radius of
the release source—presumably by recruitment of additional channels. Conversely, spark narrowing suggests loss
of contributing channels in high Mg?*. Therefore, these changes in spark width at constant rise times are evi-
dence of a multichannel origin of sparks. Because ridge and ember were reduced by promoters of Ca?*-depen-
dent activation (caffeine, low [Mg?*]) and became more visible in the presence of its inhibitors, they are probably

manifestations of Ca?* release directly operated by voltage sensors.
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INTRODUCTION

In striated muscle, Ca?* for contractile activation comes
largely from the sarcoplasmic reticulum (SR)?! through
ryanodine receptors (Ryr), channel molecules suscepti-
ble to activation and inhibition by Ca?* (Franzini-Arm-
strong and Protasi, 1997; Leong and MacLennan,
1998). In skeletal muscle, a sui-generis Ca?* channel of
the L-type, named the dihydropyridine receptor and
resident in the transverse-tubule (T-tubule) membrane
(Rios and Brum, 1987; Tanabe et al., 1988), translates
membrane depolarization (Hodgkin and Horowicz,
1960) to a mechanical influence that causes opening of
Ryrs (Schneider and Chandler, 1973; Nakai et al., 1996).
Reasonably, the increased [Ca?+];, a consequence of this
opening, should interact with the Ca2*-sensitive Ryrs to
open them further. To what extent this Ca2*-induced
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Ca?* release (CICR) mechanism contributes to physio-
logical Ca?* release during an action potential is still de-
bated (Fabiato, 1984; Endo, 1985; Rios and Pizarro,
1991; Jacquemond et al., 1991; Pape et al., 1993).

A substantial evidence of CICR involvement is the ex-
istence of Ca?* sparks (Cheng et al., 1993). In skeletal
muscle, they are believed to be largely a manifestation
of CICR, based on their similarity with sparks of cardiac
muscle, where CICR is the main activation mechanism,
and their higher frequency upon increasing cytoplas-
mic [Ca?*] (Klein et al., 1996). Another indication that
CICR underlies sparks is their rapid kinetics, matching
those of the initial peak of Ca?* release flux (Baylor et
al., 1983; Melzer et al., 1984), which is believed to con-
tain the greatest CICR contribution within the whole-
cell release waveform (Jacquemond et al., 1991; Rios
and Pizarro, 1991).

However attractive, the idea that sparks constitute
the “quanta” of release and are activated by CICR
brings up new puzzles, including the precise nature of
the contribution of voltage to release (whether it con-
sists of sparks as well, or some other form, like the
event-less release described by Shirokova and Rios,
1997), the number of channels involved in a spark
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(Schneider, 1999; Shirokova et al., 1999), the relation-
ship between function and triadic structure [under-
scored by the existence of two isoforms of ryanodine re-
ceptors in skeletal muscle (Sutko and Airey, 1996) and
of release channels that are not directly connected to
voltage sensors (Block et al., 1988)], and, finally, the
absence (Shirokova et al., 1998) or scarcity (Conklin et
al., 1999) of sparks in adult mammalian muscle.

The diagrams in Fig. 1 present these issues pictorially
on a hypothetical cluster of release channels in a frog
muscle junction (presumably constituted by all the
channels in a “couplon,” or continuous junctional seg-
ment of terminal cisterna). Because it is not known
whether the alternating pattern of voltage sensors de-
scribed by Block et al. (1988) applies to frog fast-twitch
muscle, we assumed a less restrictive pattern in the
drawing. The arrows depicting release represent vari-
ous possibilities of local control. In Fig. 1, A and B, indi-
vidual channels are responsible for sparks; sparks may
be elicited by voltage or Ca2* (A), and a voltage spark
may activate a neighbor to produce a “mixed” spark (B,
as proposed by Klein et al., 1996).

To underscore that the number of channels involved
in a spark is uncertain, a multichannel mechanism is
represented in Fig. 1, C and D. Here, sparks result from
the opening (presumably synchronized by Ca2* or al-
losteric interactions) of several channels. Again, a volt-
age-operated channel may start the process (C), but
spontaneous sparks also occur (D), which may not in-
volve and do not need voltage-gated release as they may
occur in situations when the voltage sensors are inacti-
vated. These multichannel schemes raise the question
of the precise contribution by voltage-operated chan-
nels. Indeed, it is not clear whether voltage-operated
release exists at all, apart from CICR.

To address these questions, we compared the mor-
phology of sparks in “reference” conditions with that in
conditions that maximize CICR (the presence of caffeine
or of very low [Mg?*]) or inhibit the release channel and
interfere with CICR (very high intracellular [Mg2*]).

Caffeine at millimolar concentrations induces mus-
cle contracture (Axelsson and Thesleff, 1958; Littgau
and Oetliker, 1968). Studies with skinned skeletal fibers
(Endo et al.,, 1970; Endo, 1975; Endo, 1985) have
shown that caffeine potentiates CICR. Rousseau et al.
(1988) demonstrated using vesicles and bilayers that it
increases the affinity of Ca2* activation sites for Ca2*
(as proposed by Kirino et al., 1983; Nagasaki and Kasali,
1983; reviewed by Herrmann-Frank et al., 1999).

Mg?*, on the other hand, is a classic inhibitor of the
release channel. It interferes with CICR specifically,
binding to the (high affinity) Ca2* activation site, and it
shares with Ca2* a (low affinity) inhibitory effect. Its
physiological concentration, near 1 mM, is important
in maintaining the channels closed at rest, as sparks oc-

A ~_ T-tubule

Figure 1. Possible mechanisms of Ca2* spark generation in frog
muscle. Represented are tetrads of dihydropyridine receptors
(DHPrs) in the T-tubule membrane facing arrays of release chan-
nels in the SR. Arrays are finite couplons, terminated at the end of
the junctional segment of T-tubule. Fewer than half of the release
channels have voltage sensor tetrads, consistent with a higher sto-
ichiometry of Ryrs to DHPrs in frog muscle (reviewed in Shirokova
etal., 1996). (A) Hypothetical sparks produced by single channels,
triggered by voltage sensors (right side) or “spontaneous”. (B) A
voltage-operated channel opens, and its Ca2* activates a neighbor-
ing sensorless channel, resulting in a two-channel spark. (C and D)
Multichannel sparks, triggered by voltage and propagated by Ca2*
(C) or spontaneous, started by stochastic opening of a sensorless
channel and propagated by Ca?* (D). One of the important ques-
tions left unspecified in the diagrams is whether voltage-operated
channels may also respond to Ca?* with activation, and/or de-
velop the inactivation that ends sparks.

cur spontaneously in depolarized cells at [Mg?*] below
0.5 mM (Lacampagne et al., 1998).

Studying massive numbers of sparks, we character-
ized the effects of caffeine and high Mg?* on local as-
pects of Ca?* release. Two components, apparently con-
trolled by different mechanisms, could be separated
within the local events.

MATERIALS AND METHODS

Experiments were carried out in cut skeletal muscle fibers from
the semitendinosus muscle of Rana pipiens. Adult frogs were an-
aesthetized in 15% ethanol, and then killed by pithing. Fibers
were mounted, at sarcomere lengths of 3.2-3.6 wm, on the stage
of an inverted microscope (Axiovert 100 TV; Carl Zeiss, Inc.)
equipped for confocal scanning of laser-excited fluorescence
(MRC 1000; Bio-Rad Laboratories).
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Three types of studies were done: experiments on the effects of
caffeine, under voltage clamp, experiments on “spontaneous”
sparks, carried out in permeabilized cells, and experiments in
high intracellular [Mg?*], also under voltage clamp. The imple-
mentation of voltage clamp was as described by Gonzalez and Rios
(1993). The methods for permeabilized cells, derived from those
of Lacampagne et al. (1998) were described by Rios et al. (1999).

Solutions

The external solution contained (mM) 10 Ca(CH3SOj3),, 110
TEA-CH3SO3, 10 mM HEPES, 1 3,4 diaminopyridine, and 1 pM
tetrodotoxin. Internal solutions with four different [Mg?*] were
formulated using stability constants for EGTA, ATP, and phos-
phocreatine from Martell and Smith (1974) or references
therein, plus dissociation constants of 1.03 wM for Ca-fluo-3
(Harkins et al., 1993) and 117 mM for Mg-glutamate (Kirsch,
W.G., A. Gonzalez, N. Shirokova, and E. Rios, manuscript in
preparation). They all contained (mM) ~100 Cs-glutamate
(changed to adjust osmolality), 1 EGTA, 5 glucose, 5 phospho-
creatine, 10 HEPES, 5 Mg-ATP, 0.2 fluo-3 (Molecular Probes),
added calcium for a nominal [Ca?*] of 100 nM, and MgCl, or
MgS0, to set free [Mg?*]. The standard internal solution (e.g.,
Rios et al., 1999) had 0.5 mM MgCl, added, for a nominal
[Mg?*] of 0.54 mM. The low [Mg?*] internal solution had 0.25
mM MgCl, added (0.41 mM nominal [Mg?*]), plus 8% (40,000
kD) dextran. The high [Mg?*] internal solution had 17 mM
MgSO, added (6.9 mM nominal [Mg?*]). The Mg?* washout so-
lution had 5 mM citrate and no Mg?* added (0.13 mM [Mg?*]).
Solutions were titrated to pH 7 and adjusted to 270 mosmol/kg
(external) or 260 mosmol/kg (internal) by modifying Cs-
glutamate. Experiments were at 17°C.

The scanning microscope was in standard fluo-3 configuration
(Rios et al., 1999) and used a 40X, 1.2 n.a. water immersion ob-
jective (Carl Zeiss, Inc.). Images shown are of fluorescence of
fluo-3, determined at 2-ms intervals at 768 points of abscissa x;
along a line parallel to the fiber axis. Fluorescence intensity,
F(x,t), was normalized to the baseline intensity Fy(x), derived as
an average of F(x,t) before the depolarization pulse (in voltage-
clamp experiments) or as the average in the nonspark regions
(in permeabilized cell experiments). When used, filtering of im-
ages included a two-dimensional three-point median [in which
F(xi.t;) is replaced by F.,(x;,t;}) = median of F(x,t) in the nine pix-
els surrounding j,i], followed if so specified by a digital low pass
of space constant 0.5 wM and time constant 6 ms.

Detection of Sparks

Sparks were detected by a computer procedure described earlier
(Cheng et al., 1999) that locates events automatically on tens of
images, characterizing thousands of events per experiment in a
reasonable analysis time. Events were detected by an absolute cri-
terion, simply a separation of fluorescence from a global level by
a set fraction of resting fluorescence, or one determined relative
to regional noise.

In the present study, the relative threshold algorithm was given
multiple guards (developed by H. Cheng, Cardiovascular Re-
search Laboratory, NIA, NIH, Baltimore, MD) that allowed it to
separate sparks positioned close in time within the same triad re-
gion, separate sparks with origins at short distances, reject events
based on minimal signal mass that is considered acceptable (a
criterion that simultaneously takes into account amplitude and
spatial width), and implement a better characterization of re-
gional noise to set the threshold amplitude. While the absolute
method is better for comparison of different conditions resulting
in changes of resting fluorescence, the newly refined relative
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method is less susceptible to false detection of small sparks and
therefore better suited for studying relationships between spark
parameters within a homogeneous set of images. We systemati-
cally applied both methods to the same images, obtaining quali-
tatively similar effects.

Four morphological parameters were determined on the iden-
tified events: amplitude (a), full width at half magnitude (FWHM
or “spatial width™), full duration at half magnitude (FDHM), and
rise time. a was determined as the difference between the peak
value of the normalized fluorescence and its baseline value at the
same spatial position immediately before the event (the average
of 10 values between 40 and 20 ms before the peak). FWHM was
determined on the spatial distribution of fluorescence at the
time of maximum change, simply as the number of pixels above
half amplitude multiplied by the scanning increment (0.1428
wM). Occasionally, it was done on a spline interpolate, which in-
creases the apparent resolution and improves visualization of
scatter plots. FDHM was determined on the time dependence at
the spark center. Rise time as the interval between time to 10%
increase from pre-event baseline and time to peak, determined
on a spline interpolate of the time-dependent fluorescence, and
then averaged over three spatial pixels at the center of the spark
(which nominally enhances time resolution threefold). Even
though the event locator uses filtration steps, the morphometric
measurements were carried out on the unfiltered normalized im-
age. The automatic locator also allowed for the averaging of
sparks; specifically of an array of pixels around the peak of each
event. Averages included all sparks detected, sometimes subject
to additional criteria, namely rise times within a narrow range, or
peak amplitudes above a certain value (which preferentially re-
duces sparks farther from the scanned line; Rios et al., 1999).

Simulation of Sparks

Simulations of fluorescence increases due to local Ca?* release
were carried out as described by Rios et al., 1999. An assumed re-
lease current was deposited uniformly into a sphere in the pres-
ence of an isotropic myoplasm containing endogenous buffers.
Reaction—diffusion equations describing the movements of Ca?*,
and Ca?*-bound and -free fluo-3, were solved (PDEASE; Mac-
syma Inc.) to calculate the concentration of Ca?*-bound fluo-3,
hence the fluorescence. The calculated fluorescence was then
blurred according to the experimentally determined point
spread function of the imaging system.

Release Flux

Release flux under individual sparks was calculated as described
by Rios et al. (1999), on averages of the events located automati-
cally. Because fluorescence images are obtained in scans along a
line, the fluorescence information available is assumed to apply
equally to all directions in space (i.e., sparks are assumed to be
centered on the scanned line, and symmetric). Using this as-
sumption, plus specific assumptions about dye reactivity and dif-
fusion, the fluorescence of a spark and its surrounding space—
time region is first processed to derive free [Ca?*] as a function
of space and time. Then, release flux is computed as the sum of
binding fluxes to the known binding molecules. As with earlier
whole-cell methods (Baylor et al., 1983), this calculation assumes
values for a set of parameters [listed in Table (I) of Rios et al.,
1999], which are the same as used in the spark simulation tech-
nique described in the previous paragraph. The result of the cal-
culation is a spatially resolved flux density (with units of concen-
tration over time). Volume integration of this density yields flux
(quantity per unit time), which can be converted to Ca?* current.

Membrane current was recorded throughout the experiments.



The solutions and pulse protocols used were suitable to deter-
mine intramembranous charge movement (Gonzéalez and Rios,
1993), and asymmetric current was visualized on-line and stored.
Standards of electrophysiologic viability were required in the ex-
periments, including conversion of at least 70% of charge 2 upon
initial membrane polarization (Brum and Rios, 1987) and main-
tenance of holding current within 30% of the steady level
reached upon initial polarization.

RESULTS

Properties of sparks were first characterized in refer-
ence conditions under voltage clamp, with special at-
tention to the correlations among morphometric pa-
rameters. Then three conditions were studied, de-
signed to maximize putative contributions of Ca?* or
voltage. (a) In fibers under voltage clamp, we studied
the effects of caffeine (used at “low” concentrations to
increase the sensitivity of release channels to Ca?*,
hence maximizing the CICR component in sparks). (b)
Spontaneous sparks were characterized in permeabi-
lized, depolarized fibers, where presumably voltage has
no role. (¢) Events were also elicited by voltage clamp
at high cytoplasmic [Mg?*], to reduce or eliminate
CICR, therefore maximizing the relative contribution
of voltage.

Sparks Under Voltage Clamp in Reference Conditions

Reference sparks and the effect of caffeine were stud-
ied on fibers held under voltage clamp at a resting po-
tential of —90 mV. Fig. 2 presents normalized line scan
images (F/F,) from one experiment in reference, upon
introduction of 0.5 mM caffeine in the external solu-
tion, and after washout. Sparks were seldom seen at the
resting potential in the absence of caffeine, but ap-
peared under pulse depolarization in regions corre-
sponding to Z disks. The pulse voltage was selected so
that the frequency of sparks would be <150 per image,
5 or less per image per disk, and the incidence of su-
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perposition of rising phases was 6% or less. At such low
voltages, the peak of release that occurs early in the
pulse at higher voltages was also avoided, and global
fluorescence, which builds up slowly during the pulse,
was kept within 2 units of resting fluorescence.

Fig. 2 (inset, grey) illustrates the performance of the
automatic detector working on the boxed region of the
image in caffeine. In red are the areas where the ampli-
tude threshold (3 SD of the fluorescence in a surround-
ing region, roughly 0.6 Fy) is surpassed. With this crite-
rion, virtually every event that a human observer would
note is recorded, and there are no obvious false positives.

The detector tabulated four morphological parame-
ters of every event (see materials and methods). Av-
erage values of these parameters are presented for nine
experiments (5,301 events) in Table I. Spatial width was
distributed broadly around an average of 1.3 uM in the
experiment of Fig. 2, or 1.15 uM for all fibers. The dis-
tribution of amplitudes was monotonically decaying
from 0.5 to a maximum that could reach as much as 13
in some fibers. Rise time was widely distributed, with an
average near 5 ms.

The correlation between the morphometric parame-
ters was studied in all cells treated with 0.5 mM caf-
feine. Only that between width and rise time was signif-
icantly different from zero; its correlation coefficient
averaged 0.04 = 0.01 (SEM), and the first-order regres-
sion coefficient 0.015 = 0.004 pM/ms. This number
will be used when evaluating the widening of sparks un-
der caffeine.

Effects of Caffeine

After obtaining some 10 line scan images in reference
condition (or close to 1,000 events), which took 10-20
min of recording, external solution with 0.5 or 1 mM
caffeine was introduced in the chamber. 0.5 mM was
the lowest concentration that consistently produced sig-

Figure 2. Effect of caffeine and
detector performance. Line-sscan
images of fluorescence normal-
ized to F; in a fiber under voltage
clamp. Ca?* release was elicited by
depolarization as shown (refer-
ence), 2 min after introduction of
0.5 mM caffeine in the external
solution, and 3 min after washout
with caffeine-free solution. Caf-
feine mainly causes widening of
the discrete events. The boxed
portion (middle) is expanded at
right, analyzed by the automatic
detector. Silhouettes in red indi-
cate regions where the separation
from the global fluorescence level
met a relative criterion (AF/F, >
3 SD). Fiber identifier 0507b.

washout'
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TABLE |
A Comparison of Average Spark Morphology in Fibers Treated with Caffeine

Events Amplitude Half width FDHM Rise time
Fiber Ref Caff Ref Caff A Ref Caff A Ref Caff A Ref Caff A
um ms ms

Mean* 574 308 1.65 1.83 0.19% 1.16 1.37 0.22+ 9.01 9.86 0.85% 4.82 5.35 0.53%
SEM 155 59 0.06 0.06 0.06 0.05 0.06 0.02 0.21 0.33 0.23 0.15 0.19 0.22
Mean$ 619 965 2.25 2.27 0.02 1.02 151 0.49* 8.55 10.73 2.18 4.73 6.32 1.59
SEM 159 125 0.19 0.14 0.29 0.05 0.11 0.09 0.59 2.13 1.55 0.13 1.05 0.91
Meanl! 1.85 1.98 0.13 111 142 0.31* 8.85 10.15 1.30% 4.79 5.67 0.88*
SEM 0.12 0.09 0.10 0.04 0.05 0.05 0.23 0.67 0.52 0.11 0.36 0.35
Mean' 1.77 1.83 0.05 1.17 141 0.24% 111 12.40 1.30% 5.52 6.75 1.23%
SEM 0.24 0.25 0.11 0.12 0.14 0.05 1.10 1.30 0.30 0.55 0.79 0.45

Listed are averages over six fibers exposed to 0.5 mM* or three fibers in 1 mM caffeine; see parameters of events detected using the absolute criterion (AF/
Fo > 0.6). ref, averages in reference (that bracket the exposure to caffeine, at 0.5 mM, or precede it, at 1 mM). A, average paired differences between
averages in ref and caffeine. IMean of all experiments. TMean of corresponding values using the relative threshold (AF/F, > 3 SD) for detection. *Significant
atP < 0.05 in a two-tailed t test of paired differences. Note general similarity of results obtained with both methods. The differences (A) induced by 0.5 and
1 mM caffeine were significantly different for width only (t test of difference of averages).

nificant changes in spark morphology and frequency.
Concentrations higher than 1 mM were avoided to stay
far from the reported dissociation constant of caffeine
binding to fluo-3 (21 mM; Muschol et al., 1999). After
obtaining a variable number of images, caffeine-free so-
lution was placed in the external compartment and an-
other large set of events was recorded. In six experi-
ments, the fibers were stable during exposure to 0.5
mM caffeine. In five of them a successful washout was
performed, while in one fiber at 0.5 mM and all fibers
at 1 mM the preparations experienced an increase in
resting fluorescence and/or electrical leak upon re-
moval of caffeine, so that washout data were not used.

The images in Fig. 2 illustrate an experiment exhibit-
ing reversibility. The sojourn in caffeine is marked by a
visible increase in size of sparks—Ilargely an increase in
spatial width, accompanied by lesser increases in rise
time and variable changes in amplitude. There was also
an increase in frequency, which was compensated by a
reduction in pulse voltage by 5 mV (5-15 mV in other
experiments). Exposure to caffeine also caused some
sparks at the holding potential (—90 mV), which were
not significantly different from those elicited during the
depolarization (an observation documented below).

In Fig. 3, the averaged morphometric parameters of
the experiment of Fig. 2 are plotted versus image order,
showing remarkable stability in the course of the exper-
iment. The effects are best evaluated with regard to the
regression line, traced through the reference points. As
in every experiment, spatial width and rise time were
augmented by caffeine. Spark duration increased by
approximately the same amount as rise time (not
shown), and amplitude did not change. Resting fluo-
rescence F,, plotted at bottom, was growing slowly
throughout, probably reflecting increase in dye during
the experiment. It rose somewhat during the time in
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caffeine, over and above that slow tendency, which sug-
gests a slight increase in resting [Ca?*];. Because rela-
tive spark amplitude, AF/F,, is approximately propor-
tional to the increase in [Ca?"]; relative to resting
[Ca?™];, it is likely that the average A[Ca?"]; associated
with a spark also went up slightly in caffeine.

The frequency of events per image varied widely. No
correlation was found between event frequency and
morphology, hence events from images at all frequencies
(up to 100 per image) were included in the summaries.

Table 1 lists average parameter values for events de-
tected with the absolute criterion in nine experiments
at two caffeine concentrations. Event parameters were
first averaged individually, for each experiment. The
top two rows list averages and SEM of individual (cell)
averages in six experiments in 0.5 mM caffeine and the
next two rows list three experiments in 1 mM drug. Col-
umns labeled A list differences of averages (caffeine-
ref), calculated for each experiment, and then aver-
aged over all experiments. 5,301 sparks were evaluated
in reference and 4,741 in caffeine. In rows 5 and 6 are
averages that include experiments at both concentra-
tions; caffeine determined significant increases in spa-
tial width and rise time, and a smaller, not significant
increase in amplitude. The last two rows list concentra-
tion-pooled average effects, evaluated on events de-
tected using the relative threshold 3 SD (6,979 events
in reference and 5,168 in caffeine). The numbers are
somewhat different, but the effects and their signifi-
cance are qualitatively the same. Not listed is the effect
on resting fluorescence, which on average was in-
creased 10%. Also analyzed were 269 sparks detected in
the experiments during exposure to 1 mM caffeine, but
in the resting times before or after the pulse. The pa-
rameters of those sparks were not different from those
during the pulse in the presence of caffeine. In sum,
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Figure 3. Evolution in time of parameter values. Lines plot aver-
age values of three spark parameters and the resting fluorescence
vs. image order for five images in reference, four in caffeine, and
six after washout, in the experiment of Fig. 2. Image 1 was re-
corded 60 min after admission of fluo-3 in the end pools, and sub-
sequent images were obtained at 1-2 min intervals. The regression
lines are calculated for reference data only (before caffeine and af-
ter washout).

there was a 28% increase in spatial width, an 18% in-
crease in rise time, and a smaller, not significant in-
crease in amplitude. The average differences induced
by 1 mM drug were greater than for the lower concen-
tration, but this was significant only for spatial width.

Effects on Spatial Width and Rise Time Are Independent

In simulations (illustrated in Fig. 4, see also Smith et
al., 1998; Jiang et al., 1999; Rios et al., 1999; Shirokova
et al., 1999), the half width of the fluorescence event
near a Ca?* source increases with open source dura-
tion. Accordingly, the greater width seen in caffeine
could be just a consequence of the effect on rise time,
which (again in simulations) corresponds closely to
source open time. To explore this possibility, the joint

distributions of rise time and spatial width were com-
pared in detail (Figs. 4 and 5).

Fig. 4, A and B, shows the histograms of rise times of
all events in reference and caffeine in the experiment
illustrated before. Remarkably, a mode appears in caf-
feine, at ~6 ms, which was not present before caffeine
application and shifted to lower rise times upon wash-
out (not shown). Modes in the rise-time histograms
were also observed in fibers never exposed to caffeine.
Their significance (mainly that they cannot be ex-
plained if sparks are produced by single Markovian
channels evolving in equilibrium), is considered in de-
tail elsewhere (Gonzélez et al., 2000c).

Joint histograms of width and rise time are in Fig. 4 C
for all reference events (before and after washout), and
D for events in caffeine. The histograms are plotted af-
ter interpolation by the “cubic convolution” method of
Park and Schowengerdt (1983), which improves the vis-
ibility of the joint distribution to a greater extent than
bicubic and bilinear interpolations (not shown). The
yellow line is the time course of spatial width for the
fluorescence increase simulated with a 10-pA source of
Ca?* current (details and parameter values given by
Rios et al., 1999), showing how width increases with
open time, but recalling also that the actual width of
sparks is greater than that of simulated signals, an ob-
servation made by several groups, using different simu-
lation methods.

The joint histogram of events in 0.5 mM caffeine
shows a mode at 6 ms rise time and a width of ~1.6 uM,
and a lower mode at 2 ms and 0.8 wM, probably due to
false detections because it remains when the automatic
detector works on images that do not have events rec-
ognized by an observer.

The enhancement of spatial width by caffeine is
largely independent from its effect on other parame-
ters. Specifically, the distribution of width appears
shifted toward higher values in caffeine, at all rise
times. The center of mass of the events in caffeine lies
well above the region expected if the caffeine effect was
simply due to a prolongation of release open time. On
average, the regression coefficient for nine fibers in ref-
erence was 0.015 *+ 0.004 wM/ms, which means that
the average increment in spatial width induced by caf-
feine, 0.24 pM, if due to the change in rise time would
require it to be increased by 16 ms, while the actual
change was only 1.2 ms (Table 1). In conclusion, caf-
feine exerts an effect on spark width separate from the
prolongation of open source time.

The increased width is not a trivial consequence of a
change in amplitude, because there is no correlation be-
tween these variables and because the average ampli-
tude of events in this range was greater in reference
(2.02, vs. 1.96 in caffeine). Nor is it an artifact of variable
superposition of events, because the event frequency,
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Figure 4. Effects of caffeine on distributions of rise time and
width. (A and B) Rise-time histograms of events in reference (be-
fore and after washout, A) and 0.5 mM caffeine. (C and D) Joint
histogram of width and rise time for events in reference or caf-
feine (interpolated by cubic convolution). The yellow line repre-
sents the time course of spatial width for a simulated event, result-
ing from a 10-pA current released from a spherical source of 0.4
M (details in materials and methods). Identifier 0507b (same
as in previous figures).

which was kept relatively low to minimize superposition,
was approximately the same in both conditions. A more
obviously independent increase in width and rise time is
found in the experiments with 1 mM drug.

Effects of 1 mM Caffeine

The greatest changes in width and rise time were found
under this condition. However, they were not correlated:
the greatest increase in rise time (almost 5 ms) was found
in cell 0315a, while the increase in half width was largest
in cell 0315b, illustrated in Fig. 5. Its electrical properties
changed somewhat upon drug removal, and no washout
data were kept. The results tabulated, however, were ob-
tained while the cell was stable, and are only quantita-
tively different from those in reversible experiments.
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Figure 5. Effects of 1 mM caffeine. Normalized fluorescence in
line scans in reference (A) and after 2 min in 1 mM caffeine (B).
Note different voltage used to maintain event frequency. (C and
D) Corresponding joint histograms of width and rise time for 389
events in reference and 782 in caffeine. Width increases in caf-
feine, without comparable changes in rise time. (E) Averages of
spatial width (£xSEM) in successive rise-time intervals (average of
interval = SEM indicated). Note significant increase of width in
caffeine at all rise times. Identifier 0315b.

Fig. 5 (top)shows two line scan images, normalized to
Fo, obtained in reference and caffeine within a 4-min in-
terval. The joint histograms (Fig. 5, C and D) show that
the main effect was a large increase in spatial width. Fig.
5 E shows the relationship between width and rise time
in a wider time span: every symbol marks the average
spatial width for all events contained in one rise time
bin, of variable size. It can be seen that the enhance-
ment in half width due to caffeine is similar at all rise
times but the lowest, and that the correlation between
rise time and width is equally poor in both conditions.

To isolate the effect on spatial width, averages of all
events with rise time near 6 ms (range 5.1-6.9 ms) are
compared in Fig. 6. The difference in width induced by
caffeine is in remarkable contrast with the similar am-



plitude and identical rise time. Fig. 6 C shows the spa-
tial profiles of both averages, with a gaussian superim-
posed. The FWHM of the fitted gaussian was 1.30 wM
for reference, and 1.68 for the caffeine average.

The Ember

The average in reference shows a feature not present in
caffeine, which may be described as a low intensity pro-
longation of the (averaged) spark at its spatial core, an
“ember.” It was present with the same characteristics
when events occurring during the initial and final 40
ms of the pulse were avoided, to rule out trivial artifacts
due to global changes in fluorescence. Fig. 6 D graphs
the spatial dependence of the fluorescence averaged
during the last 20 ms of the images at top (starting 26
ms after the peak of the spark) showing for the refer-
ence average an excess at the center of ~0.15, not
present in caffeine. This ember varies in magnitude in
different fibers. It continues the spark without a break,
becoming (in the averages) gradually narrower and of
lower amplitude. As shown later, embers are seen best
at high intracellular [Mg?*].

Fig. 6 A also shows that in reference average sparks
ride on a barely visible “ridge,” a local fluorescence in-
crease, centered at the Z disk, which usually lasts for
the duration of the depolarizing pulse. Other sparks
may contribute to the ridge (or ember), but should not
be their main cause, because neither ridge nor ember
was visible in caffeine, at voltages that determined simi-
lar frequency of sparks.

In summary, caffeine at 0.5-1 mM caused, reversibly
and in a dose-dependent manner, an increase in event
frequency, a substantial prolongation in rise time, a
small increase in amplitude, largely hidden by a small
increase in resting fluorescence, and a large increase in
width, which was independent from the change in rise
time. Events in reference rode on a small ridge of in-
creased fluorescence and their average was prolonged
by a narrow and decaying ember. A working hypothesis
is that ridge and ember are due, at least in part, to the
direct opening of channels by voltage sensors. To test
this idea, events obtained without the activating influ-
ence of voltage sensors were examined.

The Morphology of Spontaneous Events

Spontaneous events were recorded in large quantities
in fibers permeabilized by brief exposure to saponin,
and then immersed in an internal solution with low
[Mg?+] (which increases spark frequency; Lacampagne
et al., 1998). At 0.4 mM, the spark frequency varied
between 5 and 50 per image, which approximately
matched the range of the voltage clamp experiments.
Fig. 7 A shows a line scan image of normalized fluores-
cence. Note the similarity with events in caffeine (Figs.
2 and 5). B shows two representations of the average of

168 events with rise times between 5.1 and 6.9 ms (out
of 1,187 detected in 68 images). The gaussian fit of the
profile through the peak, shown in C, has a FWHM of
1.68 wM, similar to that of the average of events with
the same rise time in caffeine (Fig. 6).

Almost 5,000 events were tabulated from 12 experi-
ments with permeabilized fibers. Average parameter
values are listed in Table Il. Spatial width, rise time, and
duration were all significantly greater than the corre-
sponding reference values under voltage clamp, while
the amplitude was greater but not significantly so. On
the other hand, the average parameter values of the
spontaneous events were not significantly different
from those elicited by voltage in the presence of caf-
feine (included for comparison in Table I1).

In agreement with the idea that ridge and ember re-
flect directly voltage sensor-operated release, none of
these features were present in spontaneous sparks. To
complete the test of this idea, and perhaps obtain bet-
ter conditions for the observation of “voltage-specific”
features, the properties of events obtained upon equili-
bration of the myoplasm with a high [Mg?+*] solution
were then determined. We expected to minimize CICR
and therefore be able to observe local features of re-
lease at greater levels of depolarization and voltage sen-
sor activation.

Local Aspects of Release in High [Mg?*]

Observations were carried out in voltage-clamped fi-
bers after variable times of exposure to an internal solu-
tion with a total Mg concentration of 22 mM, a free
Mg?* concentration of ~7 mM, and a [Mg-ATP] of 5
mM. The half time for free Mg2* equilibration in the
cytoplasm (evaluated measuring absorbance of the dye
antipyrylazo 11l at 500 nm; Kirsch et al., 1999) was be-
tween 25 and 50 min. Because the events used in the

TABLE 11
Summary of Spark Properties

No. of

Condition Events Cells Amplitude Half width FDHM Rise time

©um ms ms
Reference 5301 9 Mean 1.85 1.11 8.85 4.79
SEM 0.12 0.05 0.23 0.35

Caffeine 4741 9 Mean 1.98 1.42 10.2 5.67
SEM 0.09 0.05 0.67 0.36

Low Mg 4944 12 Mean 1.92 1.31 11.0 5.60
SEM 0.08 0.04 0.29 0.28

High Mg 775 7 Mean 1.44 0.82 8.69 5.40
SEM 0.15 0.02 0.46 0.29

All events detected with amplitude >0.6 were included. Mean, average of
individual cell averages. Reference and caffeine entries are the same as in
Table I, and were both calculated in the same experiments. Low Mg,
experiments in permeabilized fibers; High Mg, cells under voltage clamp,
after equilibration with a 7 mM Mg?* internal solution.
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Figure 6. Effects of caffeine on spark averages.
(A and B) Two representations of the average of
all sparks detected in reference and 1 mM caf-
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summary list were all obtained after exposure times
>75 min, the cytoplasmic [Mg?*] must have been close
to 7 mM in all cases.

A representative line scan image of fluorescence ob-
tained in a fiber exposed to high [Mg?*] for 115 min is
in Fig. 8. A is the raw fluorescence, and B is F/F,. Partly
because of the electrostatic shift caused by high [Mg?*]
(~9 mV; Kirsch et al., 1999), but largely because of the
inhibitory effect of Mg?*, the cell had to be pulsed to
—25 mV or higher to elicit events in substantial num-
bers. Even at these high voltages, events were few, but
the increase in fluorescence included a nearly continu-
ous ridge, visible in virtually every disk, on which dis-
crete events were superimposed, giving the image a

Figure 8. Local effects of high
Mg?*. (A and B) Line scan image
of fluorescence in a fiber ex-
posed for 115 min to internal so-
lution with 7 mM [Mg?*]. Re-
lease was elicited by depolariza-
tion to —25 mV, as indicated. (A)
Raw fluorescence. (B) F/F,, af-
ter nine-point median filtering.
To improve contrast, color scale
does not start at 0. Identifier,
0107b. (C-G) Selected events
from images in high Mg?*, nor-
malized and median filtered as
in B. (H) An event in reference,
with characteristics of an average
spark. The graphs under each
panel are averages over five pix-
els at the center of the events, all
with the same vertical scale. The
color table was adjusted in each
panel for best visualization of the
increase in fluorescence that fol-
lows the sparks. ldentifiers for
C-H: 1106a, 1022a, 0623a, 0107b,
1022a, 0315a.

characteristic aspect of beads on a string. The “string”
is most visible after normalization and median filtering
(right side), but it can be seen in the raw image as well.
Though wider than the ridge, the discrete events
were narrow. Average parameters in seven experiments
are listed in Table Il. At 0.82 = 0.02 nM, their width
was 26% less than in reference, and ~42% less than in
caffeine or in permeabilized fibers in low [Mg?*].

Ridge and Ember in High Mg2+

Some events in Fig. 8 B start with a spark, and then are
followed by a continuous prolongation of lower ampli-
tude and width. Fig. 8 (bottom) illustrates similar

148 Local Components of Ca2* Release



Figure 9. Spark averages in
high Mg?*. (A and B) Average of
normalized fluorescence for all
sparks detected in the experi-
ment of Fig. 8 A with rise time in
the range 3.1-7.9 ms. Note a
ridge, present in the average be-
fore the beginning of the spark,
and an ember. (C) Fluorescence
in the spark average, further av-
eraged in the central 1 uM (7
pixels), vs. time. (D) Spatial pro-
file at the peak of the spark aver-
age, with gaussian fit in green. In

/ Time, ms 12 7 X, um purple trace is the average fluo-
0.0 - - - " 0.0 4 ; rescence for 20 ms before the be-
0 50 100 150 -3 2 0 1 2 3 ginning of the spark (the ridge).

events in other experiments, including for comparison
a typical spark in reference (H). The local increases in
fluorescence that follow sparks in high Mg?+ had am-
plitudes (averaged over 0.7 wM) ranging from barely
noticeable to more than 1 F,. Their duration ranged
from a few milliseconds to >100 ms. In a few cases, the
small local increase preceded the spark. Occasionally,
sparks were followed by brief events of low intensity,
better described as “after-sparks” than a continuous
prolongation (Fig. 8 E). Prolongations like these were
very seldom seen in reference and never in low fre-
guency images with caffeine present, or in permeabi-
lized fibers in low Mg?*. In the spark averages, these
prolongations result in a prominent ember.

In Fig. 9 is an average of 62 events from the same fi-
ber, selected for having rise times between 3.1 and 7.9
ms. (A similar but noisier average was obtained when
the rise times were restricted, as in the caffeine experi-
ments, to between 5.1 and 6.9 ms.) The average spark is
narrow (0.82 wM on average for all events in this fiber,
1.17 pM for the gaussian fit shown in Fig. 9 D), and
smaller in amplitude. The most remarkable features,
however, are the ridge on which sparks ride (spatial
profile in purple trace in D), and the notable ember.
The “poncho” palette was designed to render the em-
ber and ridge in detail. The temporal profile, in C,
shows that the average spark rides on an upward slope,
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an increase in global fluorescence during the —25-mV
pulse, which was subtracted to improve the description.

The subtraction is done in Fig. 10, where the features
of the average spark are compared in high Mg2* and in
caffeine. Fig. 10, top, compares averages after subtract-
ing the global fluorescence level. Fig. 10, bottom, com-
pares these differences as functions of time. Note that
the waveform in high Mg?* includes a ridge (essentially
a constant of ~0.04) and the ember (an excess above
the ridge after the spark) that decays with time. The
ridge and ember were equally prominent when events
in the initial and final 40 ms of the pulse were omitted
(not shown).

The effects of high Mg?* were partially reversible. Two
examples are in Fig. 11. A was obtained in a fiber ex-
posed to high Mg?* for 75 min, and B was obtained 45
min after changing to washout internal solution. The
frequency of events increased upon washout and the re-
lease became sufficient to cause contractile movement
(visible as a bending of the fluorescence pattern at the
end of the pulse). In this cell, the events increased in
width to 0.95 pM, and their average amplitude in-
creased to 2.02, which are not significantly different
from the corresponding values in reference (Table I).

Fig. 11 (bottom) demonstrates that caffeine may lo-
cally cancel the Mg?* effect: C and D show normalized
fluorescence responses to a pulse to —40 mV after 80
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Figure 10. Comparison between sparks in caffeine and high
Mg?*. (Top) Comparison of the average of sparks for the experi-
ment in Fig. 8 with that of events obtained in the presence of 1 mM
caffeine in experiment 0315b (illustrated in Figs. 5 and 6). Shown
is the difference between the average event and the global fluores-
cence level (obtained as described in text). The color palette spans
1.4 in high Mg?* or 3.6 in caffeine. The lower graph plots the time
profiles of the normalized averages (time course of central seven
pixels or 1 M), scaled to match the peaks. Note that while in caf-
feine the profile starts from 0 (i.e., the global fluorescence level),
the high Mg?* profile starts above 0 (the ridge) and remains above
the starting level for the time span of the graph (the ember).

and 130 min, respectively, of exposure to high Mg?+.
The reduction in frequency and size of sparks is clear
(to a width of 0.82 uM and amplitude of 1.19, 100
events). E was obtained after 133 min in high Mg2*, 1
min after adding 0.5 mM caffeine. The response shown
contains sparks of normal size and a large movement
artifact. The sparks obtained in caffeine had an average
width of 1.41 wM and amplitude 1.68 (65 events). Re-
covery of sparks upon exposure to caffeine was found
consistently in three experiments in high Mg?+.

DISCUSSION

In spite of the stereotypical appearance of sparks, in car-
diac muscle several interventions are known to change
their morphology. Thus, SR depletion (Song et al., 1997;

Lukyanenko et al., 1998) or exposure to ruthenium red
(Lukyanenko et al., 1999) result in reduction in spark
size, while Ca2* overload (Cheng et al., 1996) or -adren-
ergic agonists (Tanaka et al., 1997) augment their size,
and the immunosuppressant FK506 increases their dura-
tion (Xiao et al., 1997). In skeletal muscle, the existing
reports stress instead the resilience of spark morphology.
Lacampagne et al. (1998) did not find any changes in
spark parameters upon changing intracellular [Mg2*]
between 0.1 and 0.7 mM, while Lacampagne et al. (1996)
and Klein et al. (1997) found no change upon varying
depolarization levels. The present results, by contrast,
show that skeletal muscle sparks can be modified signifi-
cantly by interventions designed to interfere with CICR.

Significance of the Effects of Caffeine

Caffeine augments rise time, duration, and spatial width
of sparks. The changes, on average near 20%, are statis-
tically highly significant, and in individual fibers may
reach 60% (in width) or 80% (in rise time). This could
be due to changes in Ca%* release or in the processes
that remove locally increased Ca?*. At these low drug
concentrations, however, changes in removal are highly
unlikely (for instance binding of caffeine to dyes is re-
ported to require much higher concentrations; Mus-
chol et al., 1999). Moreover, the spatial width of simu-
lated sparks is essentially insensitive to changes in pa-
rameters of parvalbumin, troponin, and the Ca?* pump
(Rios et al., 1999). Hence, the altered spark morphol-
ogy almost certainly reflects changes in Ca2* release.
The most significant aspect of the effects is that spark
width increases independently of rise time and dura-
tion. An increase in spatial width at constant rise time
requires an increase in Ca?* release flux, which must
be substantial because the growth in signal mass of an
event is proportional to the third power of the increase
in spatial width (thus the signal mass of sparks in Fig. 6
grows 3.7-fold in caffeine). Because the drug does not
change unitary current in bilayers (Rousseau et al.,
1988), we considered three other possibilities to ex-
plain the enhanced release flux: increase in P, of a sin-
gle channel, local saturation of the dye, and recruit-
ment of channels. This exploration was done through
simulations and calculations of release flux.

Inferences from Simulations of Sparks

In simulations (examples in Smith et al., 1998; Jiang et
al., 1999; Rios et al., 1999; Shirokova et al., 1999), the
spatial width of a spark produced by opening of a point
source is largely insensitive to source intensity. Hence
an increase in P, or duty cycle of a single channel dur-
ing a brief burst is easily ruled out as an explanation of
the caffeine effect.

An enhancement in current could result in sizable
widening if the increased current drove the dye to satu-
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ration locally. This possibility was explored with spark
simulations for 5- and 30-pA source current. The larger
current caused dye saturation, as revealed by a character-
istic “flat top” in the simulated spark, and the growth of
the event amplitude by ~2 with a sixfold increase in cur-
rent. This resulted in an increase in half width, from 0.65
to 0.97 wM. Therefore, saturation did cause substantial
increase in spatial width, but it also resulted in events
with very different time course. Additionally, if satura-
tion was the mechanism explaining the wider sparks,
there should be a good correlation between spark ampli-
tude and width, which was not observed in experiments.

Wider sparks could be simulated, without substan-
tially changing their amplitude, by increasing the ra-
dius of the source. Thus, the only possible explanation
of a substantial widening appears to be the recruitment
of physically separate additional channels. This expla-
nation poses its own questions. Indeed, scanning was
parallel to the fiber axis, so that the recruited channels
must be outside junctional regions, or perhaps more
massive recruitment within junctional regions (which
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Figure 11. Reversibility of high
Mg?* effects. (A) Normalized flu-
orescence in a line scan in a fiber
exposed to high Mg?* for 75
min. (B) The same fiber 45 min
after changing to a standard in-
ternal solution with 5 mM citrate
and nominal [Mg?+] of 0.13 mM.
Voltage stimuli as shown. Note
increase in event intensities in
spite of the more compressed
color scale. Identifier, 1016a. (C
and D) Normalized fluores-
cence, after 80 and 130 min of
exposure to high Mg?*. (E) Re-
sponse to a lower voltage, at 133
min in high Mg?*, 1 min after
adding 0.5 mM caffeine. Same
color scale as in A. Fiber identi-
fier, 0103a.

High Mg?*
+caffeine

lengthens the source) results in sparks with a wider ap-
pearance in every direction of space.

Ca2* Release Flux in the Presence of Caffeine

Release flux and current were evaluated by the method
of Blatter et al. (1997) as modified by Rios et al. (1999).
Even though its results depend on model parameter
values (rate constants and diffusion constants of the
main Ca?* sites), it is suitable as a comparison tool, es-
pecially when a condition (caffeine) and its reference
are imposed for brief periods, during which the main
parameters should not change greatly.

Release flux was first calculated for the averages in
Fig. 5, of events in reference and caffeine that had rise
times between 5.1 and 6.9 ms. The parameters of re-
moval were given the values listed in Table I of Rios et al.
(1999) (but Dyarvaiumin Was increased to 4.5 X 107 cm?
s~1; following Maughan and Godt, 1999). Fig. 12, left,
represents [Ca2*](x,t) transients calculated from spark
averages in reference (top) and 1 mM caffeine (bot-
tom). Amplitudes of the Ca?* transients are similar, but
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the one in caffeine has a characteristic “wing,” in corre-
spondence with the greater width of the fluorescence
spark.?2 The calculated release flux density waveforms
(with dimensions of calcium concentration/time) are
shown on the right side. The calculation results in a
source with greater spatial spread. This was expected: as
argued in the previous section, if in simulations removal
parameters do not change, a greater spark width can
only be produced with greater source width.

Fig. 12 E plots the release Ca?* current, obtained by
volume integration of flux density. There is an approxi-
mate doubling of current in caffeine, an increase that
starts as soon as the method resolves release.

The analysis was extended to averages of events with
other rise times. The effect of caffeine was observed at
all rise times. In this and two other fibers in which a
similar analysis was performed, release flux and current
were found to be less for sparks of rise time >7 ms.
Such negative correlation between release flux and rise
time reflects the lack of correlation between signal am-
plitude and rise time, first noted by Lacampagne et al.

2Because these are spark averages, their amplitude is reduced by off-
focus events, hence the amplitude of the derived [Ca?*](x,t) and re-
lease flux waveforms is probably underestimated.
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scribed by Rios et al. (1999), with parameter val-
ues listed in their Table (1).

(1999). Intriguingly, the negative correlation between
flux and rise time was less clear in caffeine, which re-
sulted in a greater relative effect of the drug (up to a
fourfold increment in current) at higher rise times.

In summary, that events in caffeine are wider reveals a
greater release flux and Ca?* current from the SR. By
both “forward” calculations (i.e., simulations that start
from a defined release) and “backward” calculations
(that derive release from the measured fluorescence) we
infer that caffeine produces a spatial widening, rather
than an increase in the intensity of a point source.
Source widening by caffeine is best explained if Ca?* me-
diates channel opening. Indeed, the putative mecha-
nism of caffeine is an increase in the channels’ sensitivity
to activation by Ca?*. The widening of the source can be
a manifestation of drug-enhanced, Ca?"-mediated chan-
nel activation, propagating away from the initial source.
The observations are in agreement with a multichannel,
propagating view of sparks, such as that in Fig. 1 C.2

3The inference that there is recruitment of channels in caffeine con-
flicts with the assumption of symmetry in the release calculation. In-
deed, the spatial distribution of newly recruited channels is unlikely
to be symmetric. This implies that the calculated release flux is likely
to be in error, but does not detract from the main conclusion.

Local Components of Ca2* Release



CICR Enhances Spark Size

It was reported that sparks induced in permeabilized fi-
bers at low [Mg?*] are similar to those elicited by depo-
larization under voltage clamp (Lacampagne et al.,
1998). The present study, using average properties of
thousands of sparks, qualifies the previous observation:
sparks in permeabilized fibers are indistinguishable
from those observed under voltage clamp in the pres-
ence of caffeine. They are, however, ~25% wider and
slightly longer lasting than those elicited under voltage
clamp in reference conditions. The result appears to be
in disagreement with the reported invariance of sparks
morphology between 0.15 and 0.65 mM Mg?* (Lacam-
pagne et al., 1998). Indeed, in our case, width and rise
time of sparks obtained under voltage clamp in refer-
ence (0.54 mM nominal [Mg?+]) were less than in per-
meabilized fibers in lower [Mg?*]. One reason for the
discrepancy may be that in our experiments the sparks
were elicited by different mechanisms (the ones in ref-
erence were elicited by voltage, while at low [Mg?*],
and in the experiments of Lacampagne et al., 1996,
1998, 1999, they occurred spontaneously). Perhaps the
spontaneous generation of sparks requires local condi-
tions leading to a stereotyped behavior, not very sensi-
tive to [Mg?*].

The similarity of properties under two conditions
that sensitize the channels to activation by Ca?* (low
Mg?* and a low concentration of caffeine) suggest that
in both cases sparks are increased above their “normal”
magnitude (i.e., when voltage is the trigger) by a simi-
lar mechanism, enhancement of CICR. In turn, en-
hancement of CICR may increase spark size by recruit-
ment of additional channels in a cluster or because
channels remain open a longer time. Because both re-
lease flux and rise time increase, both mechanisms (re-
cruitment and prolongation of open times) appear to
be at work.

Embers Are Evidence of Two Separately Controlled
Components of Ca?* Release

A consensus is emerging for the participation of CICR
in physiological control of Ca?* release in skeletal mus-
cle, and the evidence discussed in the previous sections
supports this belief. The process, however, is under con-
tinuous control by voltage through the mechanical con-
nection between voltage sensors in the T-tubule mem-
brane and release channels. Two main alternatives must
be considered within this framework of dual control. (a)
That spark generation is the only modus operandi of the
release units, so that release events, whether initiated by
voltage sensors, or escaping under the influence of
drugs or low Mg?*, would be discrete sparks. (b) That
spark generation is not the sole local manifestation, but
appears when the conditions are right for amplification,
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mediated by CICR, of an initial nonspark release di-
rectly controlled by voltage. The first possibility is consis-
tent with calculations of Klein et al. (1997), showing that
essentially all of the fluorescence waveform under volt-
age clamp could be accounted for as a sum of sparks.

In favor of the second alternative, Shirokova and Rios
(1997) showed that a continuous nonspark fluores-
cence increase could be elicited at very low voltages, or
in the presence of tetracaine (a blocker of channels in
bilayers), proposing that this “nonevent” or “small-
event” release results from direct opening of channels
by voltage sensors. It was not clear at the time why some
fibers displayed the small-event release while others did
not, or whether tetracaine simply modified release (as
suggested by Schneider, 1999), rather than isolating a
pre-existent mode.

We now show that sparks elicited by voltage have a
small prolongation, named the ember to convey the
fact that it is dim and may cause, or be caused by, the
spark proper.

Two interpretations of the ember are possible. (a) It
results from direct opening of channels by voltage. If
this were the case, the ember might then cause the
spark by providing a trigger Ca2* that would be ampli-
fied by CICR. A quantitative model of embers, which
uses this hypothesis, is presented in the appendix and
is shown to account for the results. (b) The ember is an
average of after-sparks, discrete events that, for unspec-
ified reasons, occur more frequently after a spark.

In favor of the first interpretation are the ember’s en-
hancement by high Mg?* and its reduction by caffeine.
A good part of these effects is due to changes in ap-
plied pulse voltage under these interventions. Thus the
presence of caffeine enables the production of sparks
at very low voltages, which minimizes activation by the
voltage sensor, explaining the smaller ember within the
framework of the first hypothesis. Conversely, produc-
tion of sparks in high Mg2* requires applying pulses to
—40 mV or higher, therefore maximizing the ember.

The ember is seen on averages of large numbers of
events, but can also be seen in selected events, some-
times as a prolongation of constant amplitude (Fig. 8).
In the framework of the first hypothesis, the decaying
amplitude of the average ember reflects the termina-
tion at different times of individual events of constant
amplitude.

In the second interpretation, average embers result
from after-sparks, following after variable intervals the
spark being averaged. This could only explain an em-
ber if after-sparks were smaller than the detection crite-
rion; otherwise the association of multiple sparks in
time should result in an average with fluorescence both
preceding and following the peak. The occurrence of
small after-sparks was ruled out as follows. Small sparks
(of amplitude less than one third the average, small



width, and short rise time) were selected automatically
and averaged in those experiments that exhibited large
embers. If a substantial fraction of these small sparks
were associated or determined by prior sparks, their av-
erage should have an indication of the prior spark. It
did not, the time before the beginning of the spark av-
erage was not especially active (not shown). Finally, a
somewhat smaller ember was still present when sparks
located within 80 ms of others were excluded from the
average. This again contradicts expectations from the
after-spark model of embers.

In amplitude and width, individual embers are
roughly comparable with signals produced by ligands
that open individual channels [imperatoxin A (Shtif-
man et al., 1999), ryanodine (Cheng et al., 1993), bas-
tadin 10 (Gonzélez et al., 2000a), and the polypeptide
As-20 (El-Hayek and lkemoto, 1998) from the II-III
linker of the rabbit or frog DHP receptor (Gonzélez et
al., 2000a)]. The similarity between embers and these
signals lends credibility to the proposal that embers re-
flect direct channel opening by the voltage sensor, and
Fig.1 C as putative mechanism for sparks.

An explanation of the ember should also account for
the ridge. Because in spark averages the ridge has con-
stant amplitude throughout the pulse, it must have no
particular association with the individual spark being
averaged (it involves other release units, which are im-
aged in the same location). It must be largely voltage
operated because in high Mg2?* it increases in ampli-
tude and detectability relative to sparks. In sum, the
ridge that appears in spark averages results from volt-
age-operated events (embers), with or without associ-
ated sparks, occurring in release units other than that
of the spark that is averaged.

Implications of the Effects of High Mg?*

The present results demonstrate that, by increasing
pulse voltage, it is possible to elicit substantial Ca?* re-
lease, including Ca?* sparks, in fibers exposed to inter-
nal solutions with 7 mM Mg?". Release and sparks are
therefore possible at a Mg?* concentration that should
occupy not only the Ca?* activation site on the release
channels, but also their low affinity Ca?"™—Mg?" inhibi-
tion site, to near saturation (e.g., Meissner, 1994; Lamb,
2000). This implies that, given adequate membrane
voltage, the voltage sensor will overcome not just the
competitive inhibition effect of Mg?* bound to the acti-
vation site, but also the effect at the Ca?*-Mg?* inhibi-
tion site. This ability to overcome high Mg?* inhibition
is shared by high voltage and caffeine, consistent with
observations in skinned frog fibers, where caffeine (at 5
mM) shifts the inhibitory branch of the Ca?" depen-
dence of release to much higher concentrations (Kure-
bayashi and Ogawa, 1986; Ogawa, 1994). At a molecu-

lar level, therefore, there are similarities in what caf-
feine and the voltage sensor can accomplish.

There are, however, clear differences in the ability of
the two agonists to overcome Mg?* inhibition. While
caffeine restores an essentially normal-looking spark of
high spatial width, voltage produces narrow sparks of
low amplitude. This seems reasonable: caffeine should
make it possible for every release channel to participate
in sparks, while voltage sensors should have their effect
restricted to those channels in direct contact (perhaps
making them sensitive to Ca2* activation by promoting
a pre-open state that is refractory to Mg2* inhibition,
similar to a proposal by Lamb, 2000). In the presence
of high Mg?2*, sparks would result from activation of the
directly voltage-operated release channels, under the
combined influence of the voltage sensor and Ca?*,
while in the presence of caffeine every channel might
participate (as depicted in Fig. 1 C).

Such ideas could be tested in multiple ways. Experi-
ments with Ca?* buffers, which have been difficult to
interpret under whole-cell photometry (Jacquemond et
al., 1991; Jong et al., 1993), are called for (Gonzélez et
al., 2000b). Quantitative models of spark production
(e.g., Stern et al., 1997) seem premature when defini-
tive structural information on triadic structure of frog
twitch muscle is lacking (Franzini-Armstrong and Jor-
gensen, 1994). In spite of the uncertainties, the present
work yields as tentative conclusions that sparks of frog
muscle have physically extended, hence multichannel,
sources, and that propagation of activation relies at
least partially on CICR. The existence of embers sug-
gests that channels are directly opened by T-tubule
membrane voltage sensors to start a spark.

APPENDIX
A Simple Model Ember

As drawn in Fig. 13, inset, the model assumes that a
spark may occur at some point in time during the open-
ing of a trigger channel. The time from start of trigger
to spark is ti.,q, and from there to end of trigger is t;..
Consider, initially, a population of events that are all
single openings of the trigger channel. Assuming that
the open times are exponentially distributed, the proba-
bility (density) that this opening lasts exactly t; is given by

/1
e U (1/T1)dt,.

While the trigger channel is open, there is a rate v of
spark formation, so the sparks have a density, condi-
tional on the trigger channel being open, of ve™t. The
probability density of the event (a spark occurred at
time t after the start of a trigger of duration t,) is there-
fore p(tt)) dt dt, where:
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Figure 13. A model of embers. (A) The inset represents the
model hypothesis: the average ember is the consequence of a cur-
rent resulting from averaging openings of a trigger channel that
caused a spark, centered at the spark. The spark occurs at time tyg,q
from the leading edge of the trigger and t,; from its end. (A)
Dashed trace, average trigger current when unitary channel cur-
rent is 0.4 pA, calculated according to Egs. A4 and A5, with T = 40
ms and ¢ = 0.9. (B, dashed trace) Ember fluorescence time
course, calculated by simulation, assuming that the current in A
exits a source of 20-nm radius. Plotted is the calculated normalized
fluorescence averaged over the central 1 wM of the signal. Other
traces, fluorescence in the central 1 wM of averaged sparks in the
presence of caffeine (dotted) or high Mg?* (solid) (same traces as
in Fig. 10, with a constant 0.03, representing the ridge, subtracted
from the high Mg?* record).
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provided that t < t;, and zero otherwise. Integrating this
density gives the fraction of triggers that produce a spark:

vt
vt+1’

Q= !' ‘0[ p(t, t)dt  dt; = (A2)

The probability density o for the event (there is a
spark, preceded by a leader of exactly t,..q, and a trailer
of t,,) is obtained by (a) normalizing the distribution
in Eq. Al by dividing it by ¢ (all events selected have
sparks), and (b) transforming to the new variables t.,4 =

t, trait = U — tiead:!

ttrail +t|ead t
- T ~Vlead

vi+1
O (tieads terait) = ( ) 2

(A3)

For averaging, events are synchronized at the spark

155 Gonzalez et al.

time, then if the full open intensity is 1, the intensity at
time t on the trailer would be given by the probability
that t,.,; > t, obtained by integrating Eq. A3:

0

—t/
Itrail(t) = I I o—(tleadl ttraiI)dtler:lddttrail =€ T-
0

t

(A4)

A similar calculation can be carried out for the average
intensity before the spark:

———VTD
Ilead(tED = I I O—(tlead! ttraiI)dttraildtlead =e ! . (A5)
td 0

where t* = —t, time counted in the negative direction,
from 0, when the spark occurs. v can be calculated
from the fraction ¢ of triggers that cause a spark solv-
ing Eq. A2 for v (Eqg. A6):

- Q
V= — A6
T-on (#0)
substituting in Eq. A5 gives Eq. A7:
td

Ilead(tED = e((p— l)T'

Defining characteristics of the ember, which the
model aims to simulate, are its very low amplitude, its
duration, slowly decaying in roughly 100 ms, and its
asymmetry. In the model, ember duration is determined
by the average duration of the openings (7). To have
asymmetry, the spark must occur very early in the open-
ing, which in turn demands a high triggering rate v.

The asymmetry of the average ember current is given
by the ratio of time constants of trails over leads, or 1/
(¢ — 1), which grows beyond bounds as the fraction
tends to 1. The curve in Fig. 13 A is obtained for the av-
erage ember current (plotting together I,;(t) fort >0
and l,q(—1) for t < 0), using the values 1 = 40 ms, a
guess for the average duration of the trigger, & = 0.9,
similar to the value found for a series of events in the
presence of imperatoxin A by Gonzalez et al. (2000d)
and unitary current of 0.4 pA (measured by Mejia-Alva-
rez et al., 1999, with cardiac Ryrs in near-physiologic ion
gradients). Note that this is the release current of the
ember only; that is, the trigger, not the spark. The actual
ember fluorescence, calculated by the simulation tech-
nigue described in materials and methods, assuming
that the current plotted in Fig. 13 A is released in the
myoplasmic medium from a source of 0.02 wM radius, is
compared in B (dashed line) with the time course of
the average spark in high Mg?*, which has ember (solid
line), and that in caffeine, which does not (dotted line).

(A7)
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