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1. ABSTRACT

Three main paths to derive the Ca?* release flux
underlying Ca®* sparks are reviewed here: Some properties
of release flux can be inferred from an examination of
spark morphology. Others from model simulations, which
generate sparks assuming an ion source within a cytoplasm-
like medium. Finally, the release flux can be derived from
the fluorescence transient by generalizing an agorithm
developed earlier for globa or whole cell signals. The
transient and spatially limited nature of sparks adds many
uncertainties to the process. These methods yield estimates
between 1.4 and 30 pA, not clearly greater in skeletal than
in cardiac muscle. At their low end, the estimates are
consistent with generation of sparks by one or two
ryanodine receptor channels, but the results are easier to
explain if several channels, from as little as four to as many
as 60, cooperate in their generation. How release flux
determines spark shape and time course has been
understood largely through simulations. The rise time of
sparks corresponds to active release time. Both release flux
and release time may vary among individua sparks,
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leading to their varied size and shape. Release flux turns
off abruptly, therefore the decay of sparksis determined by
Ca®* remova and diffusion. Spatial width increases with
release time (rise time). That its experimentally determined
value is too large compared with simulations, remains the
single most important question in the interpretation of
shape.  Sparks are not the sole form of local fluorescence
transients. When channel opening drugs are present, or
sometimes spontaneoudly, sparks may be prolonged by
embers. If the release flux calculated during an ember
corresponds to a single open channel, then the release
underlying a spark must require many open channels. The
continued examination of Ca®* release flux appears to be an
essential requisite for the interpretation of sparks and their
placein calcium signaling.

2. INTRODUCTION

Ca®" sparks (1) are regarded as Athe elementary
events) of Ca®* release in skeletal and cardiac muscle. This
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Figure 1. The analysis of global signals. The pulse at top
was applied to a frog fiber under voltage clamp. The Ca®*
transient was derived from the absorption change of the dye
Aplll according to egn. 1. The release flux record was
derived from the Ca* transient using text egn. 2. Removal
flux was derived applying the method of Melzer et al. (3,4)
to the Ca®* transient shown and other transients not shown.
Modified from Rios and Pizarro (5).

concept has four components. One is semantic: Ca®* sparks
are redly fluorescence events, reflecting a transient
increase in the concentration of a Ca®*-bound dye. Hence
they are primarily related to and driven by an increase in
[Ca®"];. In that sense they are the local equivalent - the
elementary unit-- of the ACa* transientd that takes place in
the whole cell. Therefore, a more punctilious enunciation
of the first concept is that the Ca®* release underlying a
spark constitutes the elementary unit of cellular Ca*
release. A main topic of this article is how to derive from
the (fluorescence) spark the underlying Ca?* release.

The second element in the idea of Aelementary
event) is that they enter the whole additively,
superimposed, much as bricks pile up in a wal. While
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there are some evidences that such is the case, there are
ways other than addition to compose whole cell release.
Say that sparks are generated by single channels or pairs of
channels gating in unison. Then assume that one channel,
or one pair, can gate another (channel or pair) if both are
close to each other. This would imply that the spark
generators interact, no longer congtituting real units of
release generation. In other words, the mathematics would
in this case become more complex than addition, and the
concept of sparks as units would lose much validity.

Another ingredient of the Aelementary event(
concept; is that it is indivisible, atomic. Of course, this
would be a property of sparks produced by single openings
of single channels. Whether or not this is the case
constitutes one of the main questions posed by the
existence of sparks, and the answer has powerful
consequences for mechanism. Any discussion of flux
under a spark is basically an argument about composition
of the spark generator Bwhether it is composed of many
channels, or asingle one.

Our opening statement contains yet a fourth idea,
that sparks congtitute the sole components of whole cell
release. The question is whether in addition to bricks there
is some sand or gravel in the release construction.

The above considerations should stress that
sparks are studied to understand a cellular process, Ca?*
release, and its control. It should also be a reminder that
our only experimental approach to these processes is to
measure a transient in the concentration of the CaZ*-bound
form of a fluorescent dye. Everything else: the Ca®*
transient, the release flux, and its mechanisms, are inferred
from that single measurement.

3. FROM GLOBAL CA%* SIGNAL TO CA%

RELEASE FLUX.

Current calculations of release under Ca?* sparks
drav heavily from earlier work on whole cell Ca®*
transients. Consequently, before examining the issue at the
spark (or local) leve, it is ingtructive to consider the
question of release flux at the macroscopic or global level.

The measurement of global Ca®* transients may
be carried out using any fluorescent Ca?* indicator (though
it was initially done with absorption dyes, mainly the fast-
equilibrating Antipyrylazo 1l1). In cels stimulated by
action potential or voltage clamp, the signad S(t) (an
absorption or a fluorescence) is a linear function of the
bound dye, its change over time trailing the Ca?* transient
by an interval determined by the kinetic constants of the
dye-Ca?" reaction, most importantly the off rate constant, k
". The derivation of [Ca*](t) from Sinvolves solving a first
order differential equation (see for instance ref. 2), the
solution of which has the following form:

9S 1k (s- s,

[Ca’l() =g,

max

@
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Figure 2. Ca®" transients and flux in the presence of a slow
buffer. A, Ca®* transients (measured in a frog fiber, using
antipyrylazo 111) obtained in response to pulses of various
durations to -40 mV. Lines in red represent A[Ca?'](t)
predicted by the removal model during determination of
release flux. B, the corresponding release flux records.
Note how the presence of EGTA in the internal solution (12
mM) modified the Ca®* transients (compared with those of
fig. 1) bringing their time course closer to that of the
release flux. From Shirokova et al. (2), modified.

Note the presence of a term proportiona to the
derivative of the signa (the weight of which decreases if k
is high). This differentiation step increases the weight of
the high frequency component in the signal. Thus the high

1197

frequency terms of the noise (which tends to have a flat
spectrum) become more significant.

The next step is to derive the flux of Ca?* release
from the Ca* transient. This question was solved in two
different ways (3, 4, 6). A C&" transent elicited by a
voltage pulse, and the calculated release flux (3,4) are in
Figure 1. Both approaches are based on an equation for
release flux, R(t),

R=d[Ca’"]/ dt +drem/ dt

@
whereby release flux is equated to the sum of the rate of
change of free [Ca®']; plus a rate of Ca?" remova by
binding sites and other processes. Baylor et al. (6)
calculated the net flux of Ca®* exiting the SR as the sum of
the rate of change of [Ca®"]; (t) plus the rate of binding of
Ca” to the known cytoplasmic binding sites. The latter
was calculated as the binding flux driven by the measured
[Ca®"]; (1), using literature values of ligand concentrations
and their kinetic constants. Instead of using [Ca?*]; () to
drive reactions with assumed kinetics, Melzer et al. (34)
fitted (concentrations and binding constants of) a removal
model, so that its [Ca®*]; would evolve in the same way as
the measured one when the flux stopped after the pulse
(curvesin red in Figure 2A)™

In both cases, the contribution by the removal
terms was much more important than the rate of change of
the free [Ca™]; B a most cacium in the cytoplasm is
bound. For both methods, the calculation involved
differentiation of [Ca’*]; (t), so that second derivatives of
the measured signal entered the final flux. The drawbacks
of the calculation therefore included a sharp enhancement
of noise in the measurement, and the uncertainties involved
in assignment of values to the removal model, which as
stated makes a crucia contribution to the total flux. The
increase in noise may be offset by low-pass filtering, at the
cost of blunting the prominent pesk present in the Ca®*
release waveforms (figs 1 and 2B).  These drawbacks
would only become worse when these procedures were
generalized to Ca®* sparks.

Ways were concocted to improve the
determination, which removed the uncertainty regarding
the sequestering molecules by adding one to great excess
over the others. For example, it was shown that a large
concentration of the slow, high affinity chelator EGTA
would not only eliminate much of the uncertainty regarding
removal parameters (smply because EGTA would reduce
[Ca®"]; making the other components of remova less
relevant) but also render the temporal waveform [Ca®*]; (t)
similar to that of release flux (7, 8, 9). Thisisillustrated in
Figure 2, showing Ca* transients elicited in a frog fiber by
pulses of various durations to the same low voltage (A). In
contrast with fig.1, and due to the inclusion of 10 mM
EGTA in the interna solution, the transients in this case
have many of the kinetic properties of the release
waveforms, plotted in B. On the other extreme, a fast cat
buffer, like arsenazo 111 (10), antipyrylazo |11 or furaptra, at
high concentrations, also reduces the magnitude of the



Fluxes underlying Ca?* sparks

Table 1. Morphology of Ca?* sparks

Preparation Amplitude FWHM FDHM Risetime Reference
um Ms ms

Frog skeletal Voltage clamp 293 146 104 4.56 13
Permeabilized 192 131 110 5.6 14
Notched fibers 0.75 17 10 55 15
Intact fibers 3.7-4.6 0.97-1.02 55-6.2 3.7-46* 16

Mammalian skeletal Rat permeabilized 0.42 195 84 11.2 26
Rat and mouse
permeabilized 1.80 20 48.1 49.3 17
skinned 1511 175t
Devel. mouse myotubes  1.27 14 253 18
voltage clamp
RyR3 knockout mouse  1.30 1.63 43.6 18
voltage clamp

Ventricular Myocytes Rat intact cells 155 - 12.8t 9.5 19
Rat intact cells 1.85 198 237t - 58
Rat cells: intact 167 175 277 20
permeabilized 172 185 26.1
Rat intact cells 2.0 1.7-22 208 - 21
Mouse voltage clamp 1.65 - 2378 - 2
Rat trabeculaintact cells  1.9-2.8 - 40 5 23

* measured from 0-100 % amplitude, T mechanically skinned, 1 half time of decay, § t jeca,-

change in [C&®"];, but alters its course to bring it close to
the time integral of the release flux. Of course these added
buffers, which change the Ca?" transient directly, might
dter Ca* release if Ca®* affected gating of the release
channels. It is remarkable, however, that the waveform of
release flux during a voltage clamp pulse (Figure 1) is only
dightly altered by EGTA at 20 mM (11, 8, 9).

The flux of Ca?* release thus calculated, reaches
maxima of about 180 mM/s during a large voltage clamp pulse
in frog muscle, and in one action potentia adds up to 0.5 mM,
or 15% of the totd releasable SR calcium (9, 2, 12).

4, Ca® SPARKS

Using conventional confocal microscopy, sparks
can be observed either in x-y scans or in line scans. Release
flux with reasonable temporal resolution can only be
derived from line scans. A new difficulty, not confronted
at the whole cell leve, is that Aobject spacell, where sparks
reside as local fluorescent packets of high [dye:Ca®*], must
be trandated to image space by the imaging system
(microscope). That operation has two consequences: the
image is rendered 2-dimensiona (one dimensiona in the
case of line scans), and is also blurred in the x-y plane,
becoming wider and flatter than the corresponding object.
Hence the quantitative representation of spark morphology
must be preceded by a correction, or deblurring. Because
blurring is mathematically a convolution (an average or
integral weighted by the PSF of the microscope), its
correction consists of a deconvolution, which selectively
enhances the weight of high spatia frequency components.
This operation therefore increases noise of high spatial
frequency, while the next step, derivation of the local Ca®*
transient, adds noise in both space and time.

After reconstruction of the Ca’* transient, the
process follows similar steps as the derivation of release
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flux from whole cell signals, and is described in section 5.
Before attempting such calculation, however, we will
simply describe Ca®* sparks as functions of time and space.
The events size and shape should be clues to the
underlying release flux.

4.1. Morphology of Ca®* sparks

The Amorphometric@ parameters usually defined
include amplitude (strictly, peak amplitude), spatial width,
duration and rise time. Additionally, a better indication of
size is given by the spark-s signal mass. Some published
parameter values are collected in Table 1.
41.1.  Amplitude
Measured spark amplitude varies widely from the
lower limits of detection, (defined by noise, usually around
0.3 units of Fy) to high values of 14 in skeletal muscle (18)
or 9 in ventricular myocytes (25). Fig 3 shows examples of
sparks of high amplitude under two experimental
conditions: (A) cut skeleta muscle fiber under voltage
clamp, (B) afiber permeabilized by saponin.

Amplitudes are wusually much lower in
permeabilized fibers (table 1). The reason may be quite
simple: AF/F, is approximately proportional to the relative
increase in local [C&"]. In the voltage clamp experiments the
cell may be able to maintain a[Ca®], substantially lower than
in the solution at the cut ends, while in permeabilized fiber
segmentsthe free [Ca?] will equilibrate rapidly within the cell
a the solution value of 100 NM. The relative increase in [C&']
may therefore be lower in the latter case, Smply because the
initia vaueis higher (18).

Recently, we have been able to study a large
number of sparks in adult rat EDL muscle (permeabilized
by saponin).  The amplitude of 2900 events was
approximately 35% less than in frog fibers similarly
prepared (26).
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The distribution of spark amplitudes has been the
subject of much scrutiny. Obviously, amplitude was taken
as an indication of the magnitude of the underlying release,
and the fact that several groups initially reported a modal
distribution appeared to be consistent with the idea that
sparks were generated by single channels.  These
observations were in error, as we now know. Indeed, all
spark parameters, but most notably amplitude, are affected
by a Afocusing@l error, due to the variable distance between
the scanned line and the actua position of the source
originating the spark. This error not only reduces the
amplitude of detected sparks, but crucialy alters the
distribution of amplitudes, forcing it to be monotonous,
without a mode (27, 28).

lzu et al. (29) and Cheng et al. (28) found that the
distribution density of detected amplitudes of Gaussian
sparks of constant size is inversely proportional to
amplitude. Rios et al. (30) used the result to devise a
method of correction of the focusing error, which produced
a Atrue distributionf of amplitudes that had a large spread.
In other words, sparks as objects have widdy variable
amplitudes. Additionally, in many cases a mode was
present in the corrected distribution. The mode was more
marked in the presence of caffeine, a well known promoter
of the activation of release channelsby Ca®*.  To interpret
this result it must first be understood that a mode in spark
amplitude does not necessarily imply a mode in Ca*
release flux. It could, instead, correspond to a mode in the
distribution of open times of the source. The implications
of these alternatives will be clarified in section 5.1.

4.1.2. Spatial width

It is usualy represented by the FWHM (full
width at half magnitude) at the time of peak signal. In
voltage-clamped frog cut skeleta muscle fibers in Cs
glutamate-based interna solutions, the average value over
events elicited by mild depolarization was 1.11 im (14).
The value was greater (about 1.5 im) in fibers
permeabilized with saponin or with notches (table 1). By
contrast, in intact frog fibers the haf width value (for
spontaneous sparks, or those induced by increase in [K™]),
was close to 1 im (16). For mammalian Ca®* sparks the
width was approximately 20 % greater than in the similarly
prepared frog muscles (26). In cardiac muscle, the values
cover arange higher than that in skeletal muscle (table 1).

Width could be changed under some conditions:
caffeine (1 mM) increased it in voltage-€elicited sparks to
1.42 im (14; a smaler change in the same direction was
reported in intact fibers, ref. 16). While reduction in
[Mg?*] did not change width of sparks detected by
Lacampagne et al. (32), increase in [M¢f'] to 7 mM (from
areference value of 0.6 mM) reduced the width of voltage-
elicited sparks to 0.84 im (14). The implications of these
numbers will be considered in section 5, by contrasting
them with simulations of sparks.

4.1.3. Risetime

Defined as the interval between 10% and either
90% or 100% of the initid rise, it appears to be the
parameter least sensitive to the focusing error (21, 33). Its
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average in frog cut fibers is about 4.8 ms (14, 15, 32) and
in intact fibers about 4 ms (16).  In mammalian skeletal
muscle, the rise time was approximately 20% greater than
in the comparable group of amphibian cells (26). Both rise
time and duration of sparks appear to be longer in cardiac
myocytes.

Gonzdlez et al. (14) and Lacampagne et al. (15)
found no correlation among spark parameters, other than a
week positive correlation between rise time and width (14).
This correlation is present in most simulations of sparks
(see below). It may explain why the spatial width of sparks
in both cardiac myocytes and mammalian skeletal muscleis
increased relative to the amphibian counterpart Btheir rise
times are also greater. It might also explain the widening
effect of caffeine. However, when spatia widths were
compared for groups of sparks of equal rise time in caffeine
and reference, a significant difference was till found.
Hence spark-widening by caffeine is a primary effect,
which cannot be explained as consequentid to a
prolongation of rise time.

4.1.4. Signal mass

It is a function defined in line scans for every
point in time, as the integral of the signa intensity over
three-dimensional space (34). The determination of signal
mass is difficult because volume integration multiplies the
intensity by the square of the distance to the spark center,
implying a large amplification of noise a long distances.
For this reason, Shirokova et al. (18) suggested that it be
approximated as the product of the amplitude by the
volume of a sphere with diameter equa to FWHM.
Although this turns out to be an underestimate®, the valid
concept is that signal mass will be proportiona to the third
power of any measure of spatial width. This is important
because signal mass is related more closely to release flux
than any other parameter, which suggests that the release
flux underlying a spark should aso depend on the third
power of spatial width.

5. APPROACHES TO RELEASE FLUX

Researchers have used two methods to advance
from simple description of spark morphology to the
underlying release flux. In a constructive, inductive, or
forward calculation, sparks Bi.e. the fluorescence image
associated to the local distribution of dye:Ca®B were
generated in simulations that started with a source of given
current in a medium of set properties (27, 21, 13, 33, 25).
The converse, deductive, or backward calculation was also
attempted: to start from the measured dye:Ca®* (in this case
a function of t and spatial coordinates x), then derive the
corresponding [CaZ*]; (x, t) and deduce the release flux (35,
36, 13), much in the way it had been done earlier from the
global Ca®* transients.

5.1. Simulations

The first effort in this direction was carried out
by Pratusevich and Balke (27). Theirs and all other models
of individual sparks assume release to be a simple function
of time, usually a pulse, originating at a point or a small
(sub-resolution) sphere. The medium on which released
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Ca®* impinges is geometrically elaborate in the case of
Pratusevich and Bake and later simulations of Jiang et al.
(33), as they try to reproduce the structural layout of fixed
binding and remova sites. Other simulations, instead,
assume an agueous medium with uniform properties, with
binding sites that may be fixed, but are aways at
homogeneous density.

In the simulations of Pratusevich and Balke (27),
assuming that release current was 1.4 pA, the sparks
originating exactly in focus had an amplitude of 1.7. In the
more detailed simulations of Jiang et al. (33), with
parameters specifically copying skeletal muscle, the spark
derived from a 1.4 pA source, open for 8 ms, had amplitude
1.1 and haf width 1 im.

Assuming a homogeneous cytoplasm, Smith et
al. (21) obtained sparks of up to 3.5 F, for a source of 2
pA. Again, the simulated sparks were much narrower than
most experimental ones (FWHM ~ 1 im), and could only
be widened, abeit dightly, by either eliminating the
buffers, or spreading the source to a 0.6 im diameter. This
study also noted a proportionality between peak amplitude
of the signal and source current, a somewhat paradoxical
observation given the fact that local [Ca'] reached values
much greater than the Ky of the indicator (fluo-3). While
this convenient result was explained as a consequence of
the lack of equilibrium between dye and Ca®* at short
distances from the source (basically driving an irreversible
transport of Ca?* away from the source, on the dye), there
was also a bad consequence, that the spatia properties of
the Ca?* transient were very poorly monitored. In other
words, the lag with which the dye:Ca?* signal follows the
global Ca?* transient is worsened in the case of the spatially
resolved images, which both lag temporaly and spatially
dampen the Ca®* transient.

The overal impression gathered from the
simulations of Pratusevich and Balke (27), Smith et d.,
(21) and Jiang et al. (33), is that the sparks simulated for
sources of intensity comparable to that of single RyRs in
bilayers, have brightness (amplitude) and time course
similar to those measured experimentally. These smulated
sparks, however, have consistently a 0.8 to 1 im spatial
width, while those measured experimentally range between
1.0 and 3 im. The large width of experimental sparks
suggests that the release flux corresponds to much more
than the 1 or 2 pA assumed in the simulations. Release
flux should account, at the very least, for the signa mass,
which is proportional to the total amount of Ca’:dye
present. With other parameters equal, sparks differing by a
factor of 2 in spatia width will differ in signal mass by a
factor of 8. Therefore, release currents of 1.4 to 2 pA are
too small to account for the larger sparks observed in cut or
permeabilized fibers, and in cardiac myocytes. Such
currents, however, may be sufficient to smulate events
recorded in intact skeletal muscle fibers (16).

The discrepancy in spatia width is troubling
from the standpoint of mechanism, because there is no clear
way in which to modify the simulation models in order to
increase spatial width to this extent. An interesting
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suggestion of 1zu et al. (25) is that sparks of large width
could be platykurtic (flat-topped), reflecting local
saturation of the dye. Few truly flat-topped sparks have
been reported, and they were elongated, rather than
circular, suggesting cotemporal opening of many channels
(37). Loca saturation of the dye requires (in simulations)
currents of the order of 20 pA. The existence of platykurtic
sparks would therefore add to the evidence for involvement
of multiple channelsin spark generation.

5.2. Calculations of release flux.

An agorithm that starts from the measured
fluorescence to first calculate the Ca?* transient and then
derive release flux was introduced by Blatter et al. (35) and
then developed further by Lukyanenko et al. (36) and Rios
et al. (13). A simplified account is given here, following
largely the latest of these references.

The first step in the procedure is deblurring. This
procedure, which is quite standard, should take into account
the characteristics of the specific setup, contained in its
point spread function. In all confocal microscopes the z or
vertical spread is greater (its measure G, varying between
0.7 and 1.4 im), while the spread in the image plane (x-y)
is isotropic, of the order of the wavelength of emitted light.
Deblurring results in a subgtantid sharpening of the signal and
an increase in relative amplitude (by afactor of ~ 2; ref 13).

Starting from the deblurred line scan signa
F(x.t), [dye:Ca®] (x.t) is derived as

[dye:Ca*T(x) = dyer(x) (F(th)'Fmin(x))/(Fnax(X)'Fn'in((Xz)k)))-

Then [Ca?'](xt) is obtained numericaly, solving the
diffusion-reaction equation that governs the evolution of
[dye:Ca?*] in time and space:

—Wc@%) " [0 [P0 kegicheCa?ict) ke % D o, ARG (x)

©

where k* and k ~ are the rate constants of the fluo-3:Ca*
reaction, Dyyec, is the diffusion coefficient and A is the
laplacian operator (1ZMx? + M2My? + M2MZ2), which for all
Ca®" complexes is less than zero near a Ca® source.  The
line scan only provides the partial derivative in the x
direction. M. Cannell (Univ. New Zealand) suggested
assuming that the fluorescence increase is sphericaly
symmetric, a function of time and the distance i) to its
center. In that case the dependence of F with x gives al the
information needed to calculate the laplacian correctly, as
MMX® + 2 (MMX)/x.  Once the laplacian is substituted, egn.
3 can be solved for [Ca*], which turns out to be a sum of
terms in [dye:Ca?*] and its partial derivatives. Of course,
this approach will give wrong results when the source (or
the spark evolution) is not spherically symmetric.

Release flux is calculated from [Ca?*](x,t) using a
generalization of egn. 2. The starting point is an equation,
analogous to (3), that describes the evolution of free [Ca?*]
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Figure 3. Morphology of large sparks. A, part of line scan image of a voltage clamped frog fiber, held at -90 mV and pulsed as
shown. B, part of line scan image of a frog fiber permeabilized by saponin and immersed in a fluo 3-containing internal solution.
In A and B the trace depicts fluorescence, averaged over three pixels centered at the arrow. Bar: 10im.  C, tempora profile of
the large spark in B. D, spatial profile at the maximum and best fit gaussian (of standard deviation 0.696 im, corresponding to a
FWHM of 1.64 im). Methods and solutions used in A given by Shirokova et al. 1997. In B, total fluo 3 was 200 iM. The
images in panels A and B were obtained with similar settings, but the excitation light in A was 3 fold more intense. InB a
myoplasmic dye concentration of 369 IM was estimated, as that needed to produce the resting [dye:Ca?*] (35.9 iM, derived from
F, and calibrations in solution), assuming [Ca?*] = 100 nM and K, = 1.03 IM for the dye reaction (24). This large spark requires
a Ca’" release current of about 8 pA to account just for the Ca* bound to the dye.

M[Ca®*](x,t)yMt =D A[Ca®*](xt)+ U - Mrem/Mt &) 5.2.1. Theremoval terms
Dc, is the diffusion coefficient of Ca®*. The equation Mrem/Mt is a sum of contributions for each buffer
recognizes the existence of a source, of flux U, a function in the cel (the dye, parvalbumin, ATP, and sitesin troponin
of time and the spatial coordinate, and aremoval system. and SR pump). An equation of the same form as 3 applied to
each buffer b, yields the respective contribution as
Hence .
M[b:Ca® Mt - Dy.c, A[b:Ca®] (6)
— 2+ AT a2t
U = N[Ca™ ]/t -De, A[C™ ]+ Mremit ® An additional term (a positive function of time,
where Mrem/Mt is the sum of the removal terms. constant in space) represents SR transport.

_ Thisis Smilar to the Aglobal eqn. 2. It includes Because the medium is assumed spatially homogeneous,
all its terms plus the diffusion term -D¢,A[Ca™]. Even the the sole difference with the global eqn. 2 is the appearance
dlmensons_conoentratlon over time, are the same as in the of diffusion terms, one for Ca*, and one for each of the
global equation. Ca®* complexes with diffusible buffers. Because the sign
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Figure 4. Dyerelated removal flux. A, local distribution of [dye:Ca’"], derived using egn. 2b from the fluorescence average of
67 sparks dlicited by depolarization (to -50 mV) in afrog fiber.  The sparks were further selected for having rise times between

5 and 7 ms, and averaged by placing them centered at their peak amplitude.

B, time derivative of [dye:Ca’]. According to eqn.

3 this rate of change results from reaction (with Ca’*) and diffusion. C, the diffusion term - Dyec, A [dye:Ca’]. D, total
removal flux into the dye (given by the sum of componentsin panels B and C, egn. 6). The calculations in figs. 4 through 8 used
parameter values listed in table 2. The fiber was prepared as described in ref. 14, in an internal reference solution containing 50
iM fluo-3and 5 mM ATP and 1 mM EGTA as main Ca?* ligands.

of the laplacian corresponds to the curvature of the local
concentration, the diffusion terms (egn. 6) will be positive
near the source (where the distribution of the Ca?*-bound
species can be viewed as convex, of negative curvature)
and become negative a a certain distance. All
contributions of course cancel, except at the source.
Therefore, the calculation should give an isolated peak in a
very restricted region of space.

5.2.2. Graphic example

Figures 4 to 9 illustrate the steps of the
caculation and relative magnitudes of the various
contributions to removal. To improve the signa to noise
ratio, we start from an average of 67 sparks, which were
identified automatically in several images from the same
experiment. The average fluorescence, F (x, t), is
deblurred and normalized dividing F by Fy, afunction of x
found by averaging F over time in the line scans recorded
prior to the pulse.

Figure 4A shows the loca concentration of the
dye:Ca2+ complex, which in the case of fluo-3 is essentially
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proportional to the fluorescence. Panel B is its derivative
with respect to time, which plays an important role in the
calculation, not just because it participates in the
calculation of free [Ca?"] (egn. 3), but aso because it
constitutes directly a component of removal of Ca2*, in fact
the only one that can be calculated with little error, giving
rise to a lower bound to release flux that will be discussed
later.

The dye provides an example of the contributions to Ca*
remova made by al other diffusible buffers. As seen in
the general equation 6 for every buffer the contribution to
removal may be viewed as sum of a loca rate of change,
represented for the dye in panel 4B, and the diffusional
term, represented in panel 4C. Like other diffusional terms,
it is much narrower and large at its center than the other
component. 4D shows the sum of both components of
removal by the dye.

From the [dye:Ca’"] (xt), the Ca" trandent is
caculated by egn. 3. It is shown in Figure 5. It is
surprising that [Ca?"] only reaches values of 7 iM (up to 25
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Figure 5. The Ca® transient associated to a spark. [Ca*](x,t) derived from the [dye:CaZ*](x,t) of the previous figure solving
egn. 3.
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Figure 6. Ca?" bound to fixed buffers. Distribution of Ca?* bound to sites on troponin C and the SR pump. The calculation used
the Ca?* transient of Figure 5 to drive binding reactions to the sites, assumed to be homogeneously distributed, with

concentrations and reaction rate constants given in table 2.
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Figure 7. Removal sites shared with Mg?*. A, B, distribution of Ca?* bound to sites on parvalbumin and ATP. C, D, distribution
of the Mg?*-bound forms of the same ligands. Note that in the present example, with Mg?* present at a low concentration of 0.61
mM, over 80% of ATP and ~ 16% of parvalbumin are bound to Mg”. At greater, presumably more physiologica [M 92+], the
attenuating effect of thision on Ca2* removal
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Figure 8. Three main terms of release flux. A, diffusional free Ca®* term; D, A[Ca%']. B, removal flux by ligands other than
thedye. C, flux of transport by the SR pump, calculated as proportional to the square of the occupancy of its binding sites.
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Figure9. Ca" release flux. A, release flux calculated as sum of all terms in Figure 8 plus the dye removal term in Figure 4D.
B, the C&%* release current, calculated from the volume integral of the flux in A. The current in red is calculated from the integral
of the dye removal term.
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Figure 10. Lower bounds of Ca®* release current. For these calculations, the fluorescent indicator is the only buffer. Spark
dimensions are given by the FWHM (in im) along the x, y, and z axes, (&x, &y, &€z). The inset shows a schematic of an ellipsoidal
spark. For a spherical spark éx = &y = & z. Circles show the current required to produce a spherical spark whose FWHM is1im;
squares are for an elliptical spark (of dimensions 2, 1.5, 1.5) and triangles are for a spherical spark (2, 2, 2) . The current varies
linearly with the spark amplitude F/FO, and the slopes are proportional to the spark volume. Note that this lower estimate is
consistent with that represented by the red trace in Figure 9B, considering that the spark analyzed in that figure had a FWHM of
1.5 im and amplitude ~2. Reproduced from lzu et al. (25).
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Figure 11. Release flux in drug-induced channel openings. A, image of a permeabilized cell, immersed in solution with 100 nM

imperatoxin A.

B, tempora profile of F/F, at white arrow. C, spatia profile of F/F, at the peak of the starter event and its

average (red) during the long event that follows. D, time course of signal mass. E, F/F, in an average of 9 long events selected

by their large amplitude.

F, release current, calculated from the average event.

G, simulated fluorescence event for a Ca’*

source of initial current 10 pA, lasting 6 ms, followed by a steady current of 3.3 pA (inset). H, simulation where the opening at
10 pA isfollowed by a steady 0.5 pA current. The source diameter was 0,05 im. Details and parameter values of the simulation
described in Rios et al. (13). Figure reprinted from Gonzélez et al. (31).

iM for the largest sparks). In simulations, the
concentration near the channel mouth may reach hundreds
of iM. Comparable vaues are not reached here largely
because of the coarse Agrain@, 145 nm per pixe in the
present calculation. In trials with greater spatial resolution
much greater central vaues were found. The values of
release flux density also increased, but only in a smal
volume, and the calculated current did not change
significantly.

The rest is a repeated calculation of removal
terms, given by egn. 6. These are formaly similar to the
ones shown for the dye. Figure 6 illustrates the sum of the
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concentrations of Ca®* bound to fixed removal molecules,
in this case, sites of the SR pump and troponin C. Removal
by these elements is simply the rate of change of the
concentration shown.

The evolutions in space and time of
[Parval bumln Ca®"] and [ATP:C&®"] are in Figure 7. In both
cases Mg® competes for the binding sites  The
corresponding Mg?* complexes are also shown. The local
parvalbumin contribution to removal is small, in part
because of the occupancy by Mg?*. ATP instead makes a
sizable local contribution, due to its high reaction speed and
concentration. The experimental sparks in these
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calculations were obtained at a relatively low [Mg?*] (610
iM). At higher, presumably more physiological [Md’],
the attenuating effect of thision on removal will be greater.

Figure 8 compares three main terms of release
flux. The first term in egn. 5, rate of change in [C&'], is
negligible. In A isthe diffusional free Ca®* term, which is
relatively large due to the very sharp local [Ca®"] gradient.
In B isthe removal flux by ligands other than the dye. The
dominant component of this term in the example is removal
by ATP. In C is the flux of transport by the SR pump,
calculated as proportional to the square of the occupancy of
its binding sites. It is comparatively very small, which
explains why simulations assuming a homogeneous
cytoplasm yield results very similar to those that try to
reproduce the spatial location of troponin and the SR pump
(27, 33). In Figure 9A istotd release flux, from which the
release Ca%* current, plotted in B, is cdculated by
integration over the volume of the source. As shown in 9
B, the release current reached ~14 pA in the example. In
calculations using large sparks we have found values close
to 20 pA (13).

5.2.3. A lower bound

As discussed above, the calculation involves
terms corresponding to different ligands, of which one must
assume concentration, diffusion coefficient (of both free
and Ca®*-bound forms) and reaction rate constants. The
exception is the dye, for which the total concentration may
be measured, and the concentration of the Ca®*-bound form
directly derived from the fluorescence. Thus the dye
remova contribution, illustrated in Figure 4D, is the only
one that can be calculated with reasonable certainty, and
congtitutes a robust lower bound in the calculation of
release flux. The current of removal by the dye (plotted in
red in Figure 9B) is caculated as volume integral of the
flux. Inthe example, where the total dye concentration was
50 iM, it congtitutes a minor component. When the dye
concentration is greater, the contribution grows
accordingly. In conditions of high [dye], Rios et al. (13)
calculated a value of 8 pA for this lower bound, using large
sparks in experiments on permeabilized fibers (see example
in Figure 3).

5.3. Other estimates of release current.

Other edtimates have been reported, but for
sparks of cardiac muscle. Using essentiadly the same
analysis described above, Blatter et al. (35) found a value
of 3 pA for cat atrid cells. The reason for the lower value
is that the amplitude of the sparks was lower, and aso the
removal model used to describe the atria cytoplasm
implied a lower buffer/removal capacity than in the skeletal
muscle study. Lukyanenko et al. (36), who applied a
similar technique to rat ventricular myocytes, did not report

integrated release current but obtained values of release
flux 2 to 10 times lower than Blatter et al. (35). Again, the
explanation for the difference resides mainly in the smaller
size of the sparks studied.

It is possible that the underlying release in
cardiac sparks is smaler than in skeletal muscle: Wang et
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al. (44) recorded simultaneously sparks and Asparkletsi due
to opening of single L-type Ca* channels in the same
dyadic unit of ventricular myocytes. The separate
measurement of current underlying sparklets provided an
accurate calibration of the optical signals, yielding a current
of 2.1 pA for the spark. Again, sparks were of small size,
hence the result is not in conflict with any of the other
estimates.

lzu and colleagues (25) took an approach similar
to the Alower bound@ above Bthat is, no buffers, other than
50 iM dye. They calculated a minimum current needed to
account for a spark of given amplitude and width, assumed
to be a Gaussian function in space. Their results are
represented in fig.10, as a function of spark amplitude, for
three different assumptions regarding spatial width. In
agreement with our example above, their minimum current
for a spark of amplitude 2 and width 1.5 im would be
nearly 2 pA. These authors also presented sparks of much
greater amplitude and width, and concluded that a current
of ~20 pA underlies sparks. The events studied by Izu et
al. (25) were greater than in the previous studies with
cardiac muscle. They were similar to those studied by Rios
et al. (13) in skeletal muscle, and so were their estimates of
current.

There is therefore general agreement regarding
the derivation of release current. The disagreements that
remain are due to the divergence in spark sizes recorded in
different laboratories. Because sparks as objects have
variable amplitude, the associated release current will
surely be variable. It is aso worth recaling the 3 order
relationship between spatial width and signal mass. Thus
the narrow events reported by Baylor et al. (16) in intact
frog fibers should result from a much lower release current
than the examples given above.

5.4. Artificially induced events

Finaly, we will show how the caculations of
release flux can be applied to events other than sparks. In
the example shown in fig.11 (31), events were induced by
application of imperatoxin A, extracted from scorpion
venom. The drug induces the long-lasting events of low
amplitude marked by arrows in panel A. These events
(described in detail in ref. 45) correspond to long lasting
open states of reduced conductance, induced by the drug in
bilayer experiments (46, 47). As shown, they usually start
with a spark-like event of greater underlying current. In B
and C are temporal and spatiad profiles of the event
indicated with a white arrow in A. In D is its signa mass,
which decays from an early peak to a sustained level, about
8-fold lower. To evauate the underlying current, the
release calculation algorithm described above was applied
to an average of 9 such events, represented in E.  The
resulting release current (panel F) peaks at 11.3 pA and
then decays to a steady value averaging 0.68 pA. The
peak/steady ratio is 16.6.

A recent report (17) shows that sparks of
mammalian skeletal muscle often end with a prolonged
Ataild of lower intensity. By andlogy with an earlier
observation of Gonzdlez et al. (14) on averages of sparks
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Table 2. Vaues of parameters used by the release flux
algorithm. Parv, parvalbumin. Trop, troponin. [Ca®'] was

0.11M. [Mg®] was0.61 mM.

Par ameter Value Ref
Fluo-3:Ca ON-rate 3210' Mt 24
Fluo-3 dissoc. const. 1.03 uM 24
EGTA:CaON-rate 0210" Mgt 39
EGTA dissoc. Const 1uM 39
Trop:Ca ON-rate 5710° Ms? 6
Trop:Ca OFF-rate 1145 6
ATP:CaON-rate 1510° M7s? 40
ATP:Ca OFF-rate 310%s? 40
ATP:Mg ON-rate 1510° M7s? 40
ATP:Mg OFF-rate 195t 40
Parv:Ca ON-rate 1.251¢F M7s™? 6
Parv:Ca OFF-rate 05s?* 6
Parv:Mg ON-rate 3310 Ms? 6
Parv:Mg OFF-rate 3s? 6
Maximum pump rate 9.8 mM s* t
[Parvalbumin] 1mM 6
[Pump sites) 0.2mM 6
[EGTA] 1mM *
[ATP] 5mM *
Dca 3510° cmst 41
Dyye 2 10" cnfs? 24
Datp 1.410° cns? 40
Dpav 26107 cn’s*t 42
Deara 3.6107 cm’s™ 43

* valuein solution, H a value that fits global Ca* transients
when other parameters of removal had the values listed

from amphibian musde under voltage damp, they termed these
prolongations Aembersi. The andlogy with the events induced by
imperatoxin A indicates that the rdease flux assodated with
embersis much lower than that during theinitid park.

5.5. Non-events

A find question, indicated in the Introduction, is
whether sparks congtitute al of ca’* release, or there is a
different form. Shirokova and Rios (48) showed that the
presence of the local anesthetic tetracaine results in release
without sparks in cells that normally have them. In these
experiments, afaint Anon-eventi increase in fluorescence
appeared upon very low depolarization in the absence of
the drug, suggesting that this form of release exists
normally, and that it is uncovered rather than induced by
the drug. Release flux in such cases should be extremely
low, and clearly different in temporal and spatial properties
from that in sparks. This release has been compared with
the so-called Acalcium quarksi, postulated to be
manifestations of single channel activity (Egger and Niggli,
this volume). One possihility is that it courses through
channels directly controlled by voltage sensors in the T
membrane. Such activity might produce the embers that
follow or sometimes precede sparks (section 5.4), or diffuse
release in conditions that inhibit spark production.

6. CONSEQUENCES AND CONCLUSIONS
6.1. Single channels and sparks

The current underlying a spark, 1.5 to 20 pA,
should be compared with the physiological unitary current.
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Megjia-Alvarez et al. (49) reported a unitary current of 0.35
to 05 pA through dog cardiac channels in bilayers,
carrying Ca?* under [Ca’] gradients of physiological
magnitude and direction. Kettlun et al. (50) reported a
unitary current of ~ 0.7 pA in Ca* release channels from
frog skeletal muscle. The reason for the greater current was
in part that the channels were kept open by 10 mM caffeine
(to avoid underestimates due to flickering). Under the
same conditions the cardiac channels carried a current of
~0.5 pA. Hence a current of 2.1 pA, as reported by Wang
et al. (44), would require 4 simultaneously open channels.
A much greater number of open channels would be
required with the estimates of spark current of lzu et al.
(25). For skeleta muscle sparks, the number of open
channels would have to be 10 to 30. A somewhat lower
number is obtained from the analysis of release current
associated to the events induced by imperatoxin A.

The idea that sparks are produced by severa
channels is consistent with evidence of multifocal origin of
sparks in cardiac muscle (51, 35), and with the
demonstration (37) of sources of spatially resolved size,
extending along the Z lines in skeletal muscle. It is quite
inconsistent with the demonstration (32) that the rising
phase of sparks both starts and ends abruptly, as if asingle
channel gated open and close. According to reference 32,
if many channels contributed, they should open and close in
unison.

6.2. Single channels and global release flux

These estimates of current per channel or per
spark are roughly consistent with whole cell estimates of
release flux. We update here a calculation of Shirokova et
al. (18). The maxima of flux density under voltage clamp
are near 180 mM/s in the frog (2,52). The density of
release channels can be caculated from morphometry or
from ryanodine binding measurements. The ratio of T
tubule length to fiber volume is 0.82 im? in frog twitch
muscle (53). Assuming that 70% of this length is
junctional and contains a double row of release channels at
30 nm spacing on each side, the number of channels per
liter is 0.7 H33 channels/row/im H2 rows/junction H2
junctions/triad H0.82 im?, or 1.08410" channels per liter
of the agueous myoplasmic volume. At 100% activation,
such channels passing 0.7 pA would generate a flux density
of 360 mM/s. Using the unitary current figure of Kettlun et
al. (50), the largest release would require opening of 50%
of the channels.

It is relevant in this regard that the ratio of
ryanodine to dihydropyridine sites expected from the
structural alignment model of Block et al. (54) is 0.5, a
value that is found approximately in isolated membrane
fractions of rabbit or human muscle (55, 56, 57). In frog
muscle the value is instead about 1.5 (56, 57), which would
suggest an excess of release channels, probably outside the
double row. This would predict an even larger maximum
release in the morphometric-based calculation above, again
indicating that the estimates of release per channel and
release per spark are consistent with the greatest estimates
of global release, requiring even in those cases values of
open probability well under unity.
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In summary, estimates of Ca’* release current
underlying sparks range between 1.4 and 30 pA, perhaps
somewhat greater in skeletal than in cardiac muscle. At
their low end, the estimates are consistent with generation
of sparks by one or two channels, but the results are easier
to explain if several channels, from as little as four to as
many as 60, cooperate in their generation (and in some
cases gate essentially in unison). Both the release flux and
the open time may vary among individua sparks, leading to
their varied size and shape. In sparks that end with an
ember, release flux must fall from an early level consistent
with many open channels, to alevel requiring the current of
one or two channels. The continued examination of Ca?*
release flux appears to be an essential requisite for the
interpretation of sparks and their place in cacium
signding.
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footnotes:

! Unlike Baylor et al. (1983), Melzer and coworkers
included transport by the SR pump in their remova model,
hence their R is release proper, rather than the net balance
of SR fluxesyielded by the other method.

2 In a Gaussian approximation of sparks, the volume
integral of a spherically symmetric Gaussian function of
standard deviation 6 and central value 1 is (28)¥%6° = B.
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Then the signal mass of a spark of amplitude A should be
AB. For Gaussian sparks, FWHM = 2 (2 In2)2 6; then
signal mass = A (8/4In2)%? (FWHM)®. This is greater than
the approximation of Shirokova et al. by afactor of 2.304.

%In general, flux is defined as a rate of movement of matter
across the unit area of a defined surface, and it has vectorial
properties. In the present analysis, there is no specified
surface, hence the flux is defined as a scaar, and is
distributed in the volume, thereby losing one spatia
dimension.

4 Caculation Details. The terms [b:Ca®'] are calculated
from the function [Ca®'](xt) solving for [b:Ca®'] the
diffusion-reaction equation of form 3 for the corresponding
buffer. In general this requires simultaneously solving an
equation for the free buffer (see for instance egns. 1-4 in ref
38). This is avoided assuming that the free buffer and its
Ca2+-complex have the same diffusion coefficient, or
equivalently that total buffer concentration is constant
everywhere. In the case of parvalbumin and ATP, buffers
that react with both Ca®* and Mg*", diffusion reaction
equations of the form 3 till apply, but [b:Ca*] is in both
cases equal to [b]q-[b]-[b:Mg®] (where [b]; is the total
concentration of buffer), and [b: Mg?*], a function of space
and time, is caculated from its own diffusion-reaction
equation, (7) assuming [M¢f*] to be constant.
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