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ABSTRACT In skeletal and cardiac muscle, calcium release from the sarcoplasmic reticulum, leading to contraction, often
results in calcium sparks. Because sparks are recorded by confocal microscopy in line-scanning mode, their measured
amplitude depends on their true amplitude and the position of the spark relative to the scanned line. We present a method
to derive from measured amplitude histograms the actual distribution of spark amplitudes. The method worked well when
tested on simulated distributions of experimental sparks. Applied to massive numbers of sparks imaged in frog skeletal
muscle under voltage clamp in reference conditions, the method yielded either a decaying amplitude distribution (6 cells) or
one with a central mode (5 cells). Caffeine at 0.5 or 1 mM reversibly enhanced this mode (5 cells) or induced its appearance
(4 cells). The occurrence of a mode in the amplitude distribution was highly correlated with the presence of a mode in the
distribution of spark rise times or in the joint distribution of rise times and spatial widths. If sparks were produced by individual
Markovian release channels evolving reversibly, they should not have a preferred rise time or amplitude. Channel groups,
instead, could cooperate allosterically or through their calcium sensitivity, and give rise to a stereotyped amplitude in their
collective spark.

INTRODUCTION

In muscle, action potentials cause intracellulafCahan-  (reviewed by Schneider, 1999; Cannell and Soeller, 1999;
nels (ryanodine receptors) to open, and the ensuirfg Ca Shirokova et al., 1999). In this regard, knowledge of the
release initiates contraction. A large fraction of this releasespark amplitude appears essential, as it should depend sim-
occurs by superposition of brief local events, which undeiply on the number of channels involved. Thus, if sparks
fluorescence monitoring appear as?Caparks (Cheng et were produced by single channels, the distribution of am-
al., 1993) in cardiac (Loez-Lez et al., 1995), skeletal plitudes should depend directly on that of open times. This
(Tsugorka et al., 1995; Klein et al., 1996), and smoothdistribution, in turn, should be monotonically decreasing if
muscle (Nelson et al., 1995). The mechanism by whichthe gating of ryanodine receptors was a homogeneous
sparks are generated is debatable. They are known to inarkov process, as it is for the vast majority of channels
volve the phenomenon of E&-induced Ca release (CICR; (Colquhoun and Hawkes, 1995). Knowledge of spark am-
Endo et al., 1970; Klein et al., 1996; Shirokova an®®1  plitudes should additionally help answer other fundamental
1997) but in skeletal muscle they should ultimately be undeguestions about mechanism.
membrane voltage control. How voltage ancfCinteract There are obstacles to the evaluation of spark amplitude.
for the activation of sparks is not known. Even less is knownBecause sparks are imaged by line scanning, and those
about the process that terminates sparks, which was chagriginating farther from the scanned line appear to have less
acterized in cardiac muscle as an inactivation (Sham et alintensity, the reported amplitude depends as much on the
1998), and in skeletal muscle appears to be extraordinarilfrue amplitude of the spark (the height of the fluorescent
effective, as it terminates the sparks abruptly (Lacampagnegbject) as on its placement relative to the scanned line.
et al., 1999) after a stereotyped time interval of a few Using a discrete model of the array of release channels,
milliseconds (GonZez et al., 2000b). Pratusevich and Balke (1996) predicted that the histogram
To clarify their mechanism, it is important to evaluate the of detected amplitudes would not have a mode even if all
number of release channels involved in individual sparksspark objects were identical. Cheng et al. (1999) generalized
a treatment of Shirokova and ¢& (1997) to demonstrate
theoretically the monotonic character of the distribution,
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mode. Although this result weighs in favor of the involve-  Single variable histograms are represented by bars or curves (chosen for

ment of multiple channels, it does not help interpret thebest visibility) normalized as probability densities. Joint h_istogr_ams are

usual amplitude histograms of events originated at Variablqrepresented after interpolation by the method of parametric cubic convo-
. . tion (Park and Schowengerdt, 1983).

essentially random locations.

Izu et al. (1998) and Cheng et al. (1999) demonstrated
under different hypotheses that sets of identical sparks give
rise to a distribution of measured amplitudes of simpleTHEORY
mathematical form.

Building on this advance, we present here a method fo
deriving the true distribution of spark amplitudes from that
of measured amplitudes. This correction algorithm is thenrhe goal of this section is to derive the distribution of full
applied to experimental histograms derived from fluores-spark amplitudes of probability density (pdffa) from the
cence images of frog skeletal muscle fibers under voltagéistribution of spark amplitudes (of pdifa)) in a line scan
clamp. The results are of special interest when the eventsnage. To simplify notationf(a) represents interchangeably
exhibit a mode in their distribution of rise times, as is thethe distribution and its sampling approximation, (normal-
case in the presence of caffeine (Gdezeet al., 2000a,b), ized) frequency in amplitude histograms. To dergv#om
corresponding to a stereotyped duration of the underlyindg, an expression is first developed for the inverse transfor-

The relationship between detected and
full amplitudes

release channel open times. mation, which produces starting fromg. To this end we
expand work of Shirokova and & (1997), Cheng et al.
METHODS (1999), and Izu et al. (1998). (Izu et al. (1998) considered

the transition from spark strength (intensity or open time of

Experiments were carried out in cut skeletal muscle fibers fRRama  the underlying channels), to observed amplitude. In the
pipiens semitendinosus muscle, voltage clamped in a two-Vaseline gaf?resent work the spark is taken as a fluorescent object of a
chamber on the stage of an inverted microscope. Adult frogs were anaes-, . .
thetized in 15% ethanol, then killed by pithing. Fibers dissected anddiVen magnitude and time course, and the process of release
mounted as described by Goteaet al. (2000a) were moderately stretched and diffusion leading to spark formation is not considered).
at sarcomere lengths of 3.2 to Jun. The theory is valid for analysis of images obtained by line

The “external” solution contained 10 mM Ca(s3D,),, 110 mM  gcanning in a direction parallel to the fiber axis. The spread
TEA-CH,SO,, 10 mM HEPES, LM tetrodotoxin, and 1 mM 3,4 diamin- - 3, e aqred spark amplitudes may result from variation in
opyridine. The “internal” solution contained 110 mM cesium glutamate, 1 : . .
mM EGTA, 5 mM glucose, 5 mM magnesium ATP, 5 mM phosphocre- actual spark size or from variable separation of the spark
atine, 10 mM HEPES, 0.2 mM fluo-3 (Molecular Probes, Eugene, OR),Source relative to the scanned line. In frog muscle sparks
and had calcium added for a nominal fChof 100 nM and magnesium  originate at triad junctions in the Z disks, of which there is
chloride added for a nominal [Md] of 0.61 mM. Solutions were titrated one per sarcomere. A Cartesian coordinate system is defined

to pH 7 and adjusted to 270 mOsmol/kg. Experiments were at 17°C. 3\ hich thex axis is the scanned line,0,0),x andy are in
Details of chamber design and voltage clamp were given by Shirokova

and Ros (1997) and Ris et al. (1999). The scanning microscope (MRC the focal plane andz is the vertical. In this frame of
1000, Bio-Rad, Hercules, CA) was in standard fluo-3 configuraticngRri  reference, the Z disk corresponds to the plang#0,Even

et al,, 1999) and used a A0 1.2 numerical aperture water immersion though sparks occur there only at triads, one has no infor-
objective (Zeiss, Oberkihen, Germany). Images shown are of fluores- mation about location of triads relative to the scanning line,

cence of fluo-3, determined at 2-ms intervals at 768 points of absgissa . . . -
_ . : P 1S58 \which effectively results in homogeneous probability of
along a line parallel to the fiber axis. Fluorescence intensify,t), was

always normalized to the baseline intengfty(x), derived as an average of SPatial spark |Ocat.i0n withiry,z space. This property was
F(xt) before the depolarization pulse was applied. used, together with the experimentally recorded spark

Sparks were located automatically (Cheng et al., 1999) by a relativayaveform, to generate the amplitude histogrida).
amplitude criterion, separation from the local fluorescence level by more Fig. 1 shows in conventional spatio-temporal representa-

than 2.5¢, (standard deviations of the normalized light intensity in the tion an experimental spark. acquired by line scanning of a
image; Gonzkez et al., 2000a). We reduced the frequency of false detec- p P ! a y 9

tions by a number of safeguards described by Gieazat al. (2000a). VOltag?'ClampEd cell, as a fluorescence intensifyt),
Because the frequency of spontaneous events was extremely low, tHeormalized to the baseline fluorescendgy(x) and

frequency of false detections could be estimated-(E0%) by applyingthe  smoothed. (Line scan images from this cell are illustrated in

method to resting images. _ Fig. 4). Because this was one of the largest sparks recorded
Morphological parameters were determined on the detected events ellﬁ the imaae (and in the experiment) it is reasonable to
described by Goritez et al. (2000a). In particular, amplitude was g ( P )

determined as difference between the peak value of the normalized flu)@SSUMe Fhat it O_Viginate_d close to Fhe scanned lrie@), an _
rescence and its baseline value at the same spatial position immediategssumption validated in Appendix B. The spark’s ampli-

before the event (the average of 10 values between 40 and 20 ms before thede, that is, the peak value of the increase in fluorescence,
peak); full width at half magnitude (FWHM) was determined on the spatiaIWi” be termed henceforth full amplitude, to emphasize that

distribution of fluorescence at the time of maximum change, and rise tim e spark would have been detected with a lower amplitude
was determined on a spline interpolate of the time dependent fluorescence, p p !

averaged over three spatial pixels at the center of the spark, as the intenBRd it Originated farther from the scanning line. The descrip-
between time to 10% increase from pre-event baseline and time to peakive term “full” is preferred to “true” amplitude, because
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0.4 um). Provided that sparks, as objects, are symmetric, the
function thus obtainediF*(x,t), also describes the depen-
{ dence of the spark oy and z as F*(p,t), wherep =
FiF, V(Y + 2. F(y,zt), the blurred image of the spark, was
then constructed by convolving*(p(y,2),t) with the sys-
f tem’s two-dimensional PSF (a Gaussian of FW}H™ 0.4
! wm and FWHM, = 1 um). The detected amplitude function
a(y,2) (represented in Fig. ), was obtained aB,.(Y,2,
1 the maximum of=(y,z,) overt at fixed positionsg/, z Unlike
F*, a(y,2) is not spherically symmetri@a(y,z) can be imag-

0\ ined as the result of making a radially symmetrical volume
L t(ms) +\:‘?° from the curveF,,,(X) and broadening it in the direction.
0 a(y,? is all that is needed to generate the amplitude

FIGURE 1 Three-dimensional representation of a spark in a line scan.hIStOgram that would apply if all sparks were equal in

The spark represented was selected from line scan images obtained infROrPhology to the one shown. Indeed, the functagy,2
voltage clamp experiment, in which a fiber from the frog semitendinosusrepresents recorded amplitude as a function of location, and

muscle, held under voltage cIampﬂQO mV, was pulsed te-65 mV for the probabmty Of occurrence Of Such |Ocat|0ns |S Slmply

400 ms. Line scan images are arrays of 768 by 512 fluorescence data po"ﬁoportional to the area occupied by such locations in the Z
or pixels ;), where the index designates positions along a line and

designates successive scans of the same line, at uig6and 2-ms  disK (they,zplane).
intervals. Represented is a sub-array 0b484 pixels, containing a spark, Let n be the average number of sparks (all assumed to be

with ftlﬁgres_femt:_e pIoEIt_Ed norma!izedh_tto rtesting_ fl_uor;ahscence_, afte'rf m%qual) produced per unit area of one Z disk. The frequency
smoothing iterations. The curve in white trace, joins the maxima of the . .
functionsgof timeF(x,t) at constank. The black tra(:e, obtained by projec- of m_ee,lsured sparks of amp“tUde great_er_tlaamll b.e n
tion of the white trace i€, q,(x)- multiplied by the area of a (roughly elliptical) region, or
resel, where the intensity is greater ttaa(see Fig. 24). The
frequency in an intervalal(approximated by the bin value
even when a spark is ideally centered on the scanning linén the amplitude histogram of detected events) is propor-
its image,F(x;t), is blurred (scaled down and widened). tional to the area in the ring bounded by two resels, where
On the same graph in Fig. 1 the maxima of the functions
of time F(x,t) at constank are joined with a white trace. The
black trace, obtained by projection of the curve in white,
definesF,, .{X), which decreases monotonously with
Under the assumption that sparks, considered as fluores-
cent objects, are spherically symmetrical (an assumption
valid for most sparks, as shown by video-rate scanning in 8000
two dimensions, Brum et al., 200@,,,.{X) can be given a
different interpretation: it is the amplitude with which a
spark similar to the one shown would be reported, if it
originated on thg axis, at distancg away from the scanned
line. In other wordsF,,.{Y) is the amplitude at which the
spark shown would be detected if it originated afy,0)
instead of X,0,0). We therefore use the measured intensity
maxima at thex axis F,,(X), detected amplitude function)
as a predictor of the downsizing effect of separating scan
from spark.
To generalize this approach to three spatial dimensions, a
similar use could be made &f,,,,(X) to scale the amplitude _ o
. .. A . FIGURE 2 Detected amplitudes and their histogra#). The detected
when the separatlor_l IS Ir_] tr@‘XIS dlrect_lon. Hovv_ever, the_ amplitude functiona(y,2, constructed from the functioR,, . (x) (black
spread of confocal imaging is greater in the axial directionyace in Fig. 1), essentially by a rotation around the scanning %irei,
than in the focal plane. This difference was taken intosee text). The curvega) andr(a + da) mark the regions in thg,z plane
account using the measured point spread function (PSF) athere the detected spark amplitude is 0.5 and 0.6&,0f The frequency
our confocal system (Rs et al., 1999) as follows: of sparks detected with amplitudes in such range is proportional to the area

. . between both curvesB] Histogram of amplitudes detected in a line scan
F(xt) was first corrected for the blurring prOduced by the when sparks identical to the oneAroccur at random locations in the plane

microscope by deconvolving it, at evetyvalue, with the  y 7 The histogram was calculated with Eq. 1 ane: 25,600 per 4um?.
system’sx axis PSF (a Gaussian functionxgfof FWHM = Continuous line is best fit with = k/a.

frequency

1 Amplitude (a) 3
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the amplitude increases by.dSymbolically, Eqg. 4 can be interpreted as an integral transform, in which
the experimental histograififa) is expressed as an integral
of generator functionsofa)?/a), with coefficientsg(a). In
this sense, the goal of this section is to invert such trans-
form. This is accomplished solving Eq. 4 fgta) by dif-
with r(a) andr(a + da) representing the two closed curves ferentiating the integral with respect to the first limit of
where the detected amplitudeasainda + da, respectively. integration:

Eqg. 1 can be used as a numerical recipe to calculate the

r(a+da)
flada=n J dy dz Q)
(

a)

amplitude histogram whenevex(y,2) is known. Using it  d(af(a)) d [~
with the functiona represented in Fig. 2 (ami= 25, 600) — gg  — 27 ga | ¢ (@9(@da = —2mo*(a)g(a)  (5)
the histogram in Fig. 2 was obtained. As described before a

(Izu et al., 1998; Cheng et al., 1999), the histogram is
monotonously decreasing, even though the full amplitude of
the sparks is always the same. d(af(a))

The continuous line in Fig. B is the best fit by the o*(@g(@) = — o (6)
functionk/a. This one-parameter fit is extremely good over
the entire range of amplitudes. A similarly good fit was Note that it is essential for the derivation to distinguish
found for the amplitude histograms generated with all othebetween detected amplitugeand full amplitudea. The
sparks tested, large or small. The conclusion that the andisappearance of the argumentn the final expression of
plitude histogram of a stereotypical spark should follow theEq. 6 reflects the fact that the full amplitude is not known
reciprocal function was derived analytically by Cheng et al.for individual sparks, and the algorithm yields only its
(1999) and reached through a very different set of considdistribution,g.
erations by Izu et al. (1998). In Appendix A, we demon-
strate that when the detected amplitude functaoms a . L
Gaussian function of andz, with standard deviatiom, the A test of the algorithm with simulated

r, in a practical form,

resulting amplitude histogram is exactly distributions
o2 Eq. 6 is the relationship sought betwegnthe distribution
f(a) = HZWE (2)  of full amplitudes, and the amplitude histogrdrof events

in a line scan. It is strictly valid only when the detected

Because the detected amplitude cannot exceed the full spagmplitude function d(y,2)) is Gaussian. This is not true in
amplitudea,,, Eq. 2 is valid only fora < a,,,. That the general, but appears to be a good approximation in most
result applies so well to detected functions derived fromcases. Moreover, the half-width of sparks is poorly corre-
experimental sparks implies that such functions are close ttated with amplitude, both for experimental sparks (as
a Gaussian dependence ypandz shown by GonZaz et al., 2000a; see also Discussion) and

Itis a simple task to generalize this result and determinén simulations (Ros et al., 1999), suggesting that the Gauss-
the amplitude histogram when the object sparks have mulian o in Eq. 6 may be regarded as constant in a first
tiple amplitudes. Assume, first, that there are a few discret@approximation. The algorithm in Eq. 6 should therefore
components in the distribution. Specifically, if the fre- work as an approximate way of deriviggn real situations.
quency of sparks of full amplitude, g(c), is nonzero only  In the remainder of this paper, the right-hand side of Eq. 6
for a finite set of discretey;, then the histogram of ampli- is presented normalized as a probability density, and re-
tudes in the line-scanf(a) can be written as a sum of ferred to agy or corrected amplitude distribution. (Normal-
discrete contributions of form (2) for each of the subgroupsization is done dividing the right-hand side of Eq. 6 by the

of amplitudeq; integral of its non-negative portion over the whole ampli-
o2 tude range and by the binning interval. Negative valuagsg of
f(a) = 27 E 9(q) il (3) arise whereven f(a) increases witha, presumably due to
ja=a a noise or imperfect detection.)

The procedure was tested by applying it to amplitude
histograms derived from known (simulated) distributions of
sizes, using actual, experimentally recorded sparks.

Fig. 3 illustrates the test. At the top in Fig. 8is a
histogram of detected amplitudes (thick trace), calculated
numerically assuming that there are only three subpopula-

This formulation is useful for the theoretical analysis, but
not essential in practice, as the functif{a) can also be
constructed by addition of discrete terms of form (Eq. 1).

When the distribution of full amplitudes is continuous,
Eq. 3 becomes:

* a(a)? tions of sparks: one of them is composed of clones of that in
f(@) = 2m| gla) — — da (4)  Fig. 1, of full amplitude 3.25. The other two sets are clones
a of two other sparks from the same experiment, with full
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have a mode in the discrete distributigfw), at the inter-
mediate amplitude 3.25. This is, therefore, an amplitude
histogram derived from actual experimental sparks and a
simulated distribution.

To this histogram we applied Eq. 6. If the detected
amplitude functions were Gaussian, the result would be
exactly o?g(a). The result is plotted in Fig. 8. The pro-
cedure recovered three peaks, at the correct amplitudes,
with ordinates of relative values 1.74, 3.29, and 1 (close to
the startingg values of 2, 4, and 1). An even better agree-
ment is found by integration of the areas under the three
peaks, which yields relative values of 1.95, 3.50, and 1.

. . : Discrepancies are expected, because the individual histo-
1 Amplitude 5 grams are not exact reciprocal functiot&a], and because
the algorithm recovers the distribution functigf®) multi-

plied by the width parametes?, which is not strictly a
constant. A test with a smaller number of sparnks=(1024)
gave three peaks of similar relative values, on a noisier
baseline, especially at low values af

A

104

Frequency
=)
w

102 |

410 B

RESULTS

104 In the previous section a method was developed to derive
the true distribution of amplitudes, starting from their dis-
tribution in confocal line scans. The method was then tested,
with good results, on histograms derived from experimental

. - . . . sparks, but with an assumed (arbitrary) distribution.

1 Amplitude 5 In this section we use the algorithm on actual histograms
of experimental sparks. The true distribution in these cases

FIGURE 3 A test of the algorithm for derivation of amplitude distribu- 1S Unknown, and therefore the adequacy of the algorithm

tion. (A) Amplitude histograms from the spark in Fig.f})(and two others ~ cannot be assessed with certainty. To test the algorithm we

from the same experiment, (andfs;). The contributions, calculated with  took advantage of the fact that two other morphometric

Eq. 1, are similar up to_a limiting detec_tgd amplitude, which in each caseparameterS of the spark, rise time and width, can be deter-

is equal to the full amplitude of each original spark (thevalues of Eq. 3, . . . . .

approximately 2.2, 3.25, and 4.7). The thick curve is the joint histogramm"’]ed with more _certalnty than the amplitude. Modeling by

(2f, + 4, + f.), calculated according to Eq. 3 with frequencige,) = several laboratories has shown these two parameters, espe-

2, 9(ay) = 4, andg(az) = 1. (B) Distribution of full amplitudesg? g(a), cially rise time, to be less affected by off-focus errors

calculated from the joint histogram according to Eq. 6. Note agreemen{Pratusevich and Balke, 1996; Smith et al., 1998; Jiang et

betweerg(aj) used to generate the histogram at _top and thfat rec_overed b)ﬁl., 1999).

the algorithm (where the peaks are in the approximate relationship: 2, 4, 1). . A

For many sets of sparks, especially but not necessarily in
the presence of caffeine, the distribution of rise times ex-
hibited a clear mode (Gonhlez et al., 2000). In these cases

amplitude 2.2 in one case and 4.7 in the other. Cufyés  the true distribution of amplitudes should also have a mode.

f; in Fig. 3 A represent the individual contributions of each Indeed, rise times of sparks are essentially the times when

set to the amplitude histogram, calculated assuming equalthe underlying release process is active. Hence, if release

for each set. The contributions are similar up to a limitingtimes (open times of the release channels) are stereotyped or
detected amplitude, which in each case is equal to the fulnodal, true amplitudes are expected to have a preferred
amplitude of each spark (thg values of Eq. 3, namely 2.2, value as well (or a dearth of the very small events resulting

3.25, and 4.7). If the detected amplitude functions of thesérom very short open times, which effectively results in at

sparks were Gaussians of equathese contributions would least one mode in the amplitude distribution). This expec-

be functionsk/a, exactly overlapping up to the correspond- tation does not rely on any assumption about the number of
ing ;. They do not exactly overlap because they werechannels involved in one spark.

derived from real sparks. This section compares first the presence of modes in the

The curve in thick trace was obtained according to Eq. 3corrected amplitude distributions and in the distribution of
by linear combination of the; values with coefficients rise times. Later, comparisons are extended to joint distri-

o(a;) = 2,0(ey) = 4, andg(az) = 1, chosen arbitrarily to  butions of rise time and width.

Frequency
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Amplitude distributions in the
presence of caffeine

Two studies (GonZaz et al., 2000a,b) demonstrated that
fibers in caffeine often exhibit a mode in the distribution of
rise times. The same experimental database is analyzed here
for distributions of amplitudes and widths. As described in
detail by Gonzkez et al. (2000a), spark properties were
studied in multiple line scan images, obtained at different
locations in a voltage-clamped fiber. Fig. Al illustrates
images obtained from the same cell, in reference solution,
and after addition of 1 mM caffeine. The fibers, prepared as
described in Methods, had no or few spontaneous sparks.
Depolarizing pulses of long durations were applied at 1-min
intervals, to voltages near60 mV in reference, sufficiently
high to maximize the numbers of events while keeping them
sufficiently separate to avoid overlap and increase in global
fluorescence. The pulses applied in the presence of caffeine
were typically of 5 or 10 mV lower amplitude to avoid
increasing event frequency. Sparks were located automati-
cally, using a relative amplitude criterion (see Methods).

In the experiment illustrated, 548 events were detected in
7 images in reference, and 883 events in 10 images obtained
subsequently, in the presence of 1 mM caffeine. (Large
numbers of events, detailed in the table, are the rule for all
distributions shown.) Fig. 8 shows a broad mode in the
histogram of rise times in the presence of caffeine. Evidence
that this mode is real, rather than an artifact of limited
detection of smaller events, was given by Gdezeet al.
(2000b). In Fig. 4C are the corresponding histograms of
amplitudes. As predicted by the theory, the distribution of
amplitudes is decreasing. The mode in the third bin is a
trivial artifact of failed detection of the smallest events, as it
moves to the left when the detection criterion is lowered
(GonZdez et al., 2000b; Cheng et al., 1999). The measur-
able frequency of events of amplitudes in reference, but
not in caffeine, was an unusual observation.

Fig. 4 D represents the functions® g(«), obtained from
the amplitude histograms by the correction algorithm, Eq. 6,
and normalized as a probability density; we refer to these
functions simply as “corrected distributions” g@(a). A
clear mode, at an amplitude4, was present in caffeine but
not in reference; the small peak at low amplitudes should be

FIGURE 4 The distribution of rise times and amplitudes). Represen-
tative line scan images of fluorescence, normalized to its time-averaged
value at holding potential, taken from the same voltage-clamped cell in
reference solutionddft), or in the presence of 1 mM caffeine. Note the
stimulus voltage:—55 mV in reference ane 65 in caffeine. B) Rise time
histogram of 548 events in referencleafched bary or 883 events in
caffeine ppen bar$. Events were detected automatically in 7 images in
reference and 10 images in caffeine. Rise time was measured on every
detected event as described in Metho@3.Amplitude histogramsf(a)) of

the same eventsD] Corrected amplitude distributiorg(a), calculated
from thef(a) using Eq. 6. Note appearance of a mode in caffegwid

line). Fiber identifier 0315a (studied by Goriea et al., 2000b).
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disregarded, as it reflects detection limits. The mode wasing differenceAaf = (g f(a) — a_,f(a_,)) with eSD, an
robust upon several procedural changes, including changestimator of its standard error, calculated assuming that the
in binning interval or starting value, and in the amplitude bin frequencies inf(a) have a Poisson distribution (e.g.,
threshold for detection (illustrated later). The mode was als®eif, 1962), asSD = V/(aZf(a;) + &> ,f(a,_,)). In the null
present when an absolute amplitude criterion, rather thahypothesis thataf is zero (implying that all sparks have
one relative to noise, was used for detection (Cheng et alone and the same amplitude), the ratif/eSD should have
1999). As documented in Table 1, the appearance of a modgpproximately at distribution. Its number of degrees of
in caffeine was quite reproducible, and the mode location isreedom, n(f(a), + f(a),_,), is >20 at the amplitudes of
representative of that found in several experiments. interest, so that thedistribution is indistinguishable from a
The presence of a mode in the corrected distribution oGaussian.
amplitudes did not require caffeine. However, it did corre-  Aaf/eSD is plotted versus amplitude in Fig.3. It ap-
late very strictly with the presence of a mode in the distri-pears not to have tdistribution, as it is positive at all but
bution of spark rise times. Figs. 5 and 6 illustrate twoone value of.. This suggests that the null hypothesis may be
examples. At top in Fig. 5 is the histogram of rise times f0fwrong at all amplitudes; in other words, is probably
923 events in 12 images in reference (no caffeine wagjifferent from zero in the range of amplitudes represented—
applied in this experiment), featuring a mode at 6 ms. Th&here are sparks of many different amplitudes. It is only at
histogram of amplitudes, Fig. B, is monotonically decay- 5 = g, however, thataf/ SD is different from 0 at # <
ing, whereas the corrected distribution, FigChfeatures a g g5 (in fact,P < 0.0005), indicating that the mode gnis

clear mode at amplitude 6. probably real, not due to the limited size of the sample.
An additional test relied on the fact that a mode not

Modes in the distribution of amplitudes are determined by noise should remain upon increasing noise.

statistically significant The set of events was divided randomly into two sets of half

the size, and the correction algorithm was applied to the
The example in Fig. 5 illustrates two tests of the signifi- amplitude histograms of the half-sets, yielding the two
cance of the mode in the corrected distributigfx) results  dashed plots in Fig. 8. Other divisions in two of the
from the differentiation of f(a) (Eq. 6), so that a mode in original set gave similar results. This procedure is roughly
g corresponds to a large jumpaf(a). To test the statistical equivalent to increasing noise in the histograms by a factor
significance of the change ia f(a) we compared the run- of V2. WheneverAaf was greater than 8SD, the mode

TABLE 1 Modes in the distribution of spark amplitudes and rise times

1 2 3 4 5 6 7 8 9 10 11
Amplitude @) Mode Rise time (ms) Amplitude
Number of events mode location significance mode location average
Fiber ref caff ref caff ref caff ref caff ref caff
0605a 1029 none 2.7
0608b 923 6.0 yes 6.0 3.17
0414a 735 176 3.0 3.5 no yes 2.7 3.3 1.21 1.27
0414b 1105 506 none 3.2 yes 2.7 3.3 1.28
0507b 581 273 3.8 3.8 yes yes 4.0 8.7 1.87 1.97
0522a 407 211 none 3.0 no 2.7 2.7 1.54
0605b 266 427 none none 2.7 2.7
0608c 410 427 4.0 5.3 yes yes 4.0 6.0 1.46 1.45
0315a 548 883 none 3.5 yes 4.0 8.0 1.55
0315b 923 1211 none 4.5 yes 2.7 2.7 2.11
0329a 385 802 5.0 4.5 no yes 2.7 6.0 2.02 2.48
Mean 4.36 3.91 1.95 1.71
S.E.M. 0.52 0.28 0.34 0.15

Headings “ref” and “caff’ designate data in reference and in the presence of caffeine. In columns 4 and 5 are the locations of modes in the distribution
g of spark amplitudes. Columns 6 and 7 list the significance of these modes, established as described in the text. Columns 8 and 9 list the locatsons of mod
in rise time histograms of the same sets of events (the nominal resolution of rise times, and binning used, was 0.667 mdezfeGan2900a). Columns

10 and 11 give average measured amplitude, for the sets that had a ngpdébers in the group at top (2) were not exposed to caffeine. Those in the
middle group (6) were exposed to 0.5 mM and in the bottom group (3) to 1 mM caffeine. For the experiments in 0.5 mM caffeine, the reference events
include those obtained in washout runs.
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FIGURE 5 Modal distribution of amplitudesA) Rise time histogram of 923 events detected in 12 images in reference condition, elicited by pulses to
—65 or—70 mV. B) Amplitude histogram of the same eventS) Corrected amplitude distributiagy derived from the amplitude histograrmso(id lin€).

The g distributions represented with dashed lines were derived from histograms of amplitudes of two mutually exclusive subsets, of 461 and 462 events,
randomly selected from the full seD)Y Amplitude dependence of the statisfiaf/eSD (the difference between successive bin valuesf(d), divided by

its standard error, defined in the text), which should have a Studedissribution withn degrees of freedom wherevg(a) = 0. n, the number of events

in the two neighboring bins of the amplitude histogram, is 30 or greater at<all8. Identifier: 0608b.

was robust upon halving the sample size. Both tests ar&;olumns 4 and 5 list the location of the mode, if present, in
therefore, approximately equivalent indications that thethe corrected distribution of amplitudes. Columns 6 and 7
modes correspond to actual features in the distribution ofiote the significance of these modes, determined by the two
amplitudes. tests described above. Columns 8 and 9 give the locations of
the modes in the distributions of rise times for the same sets
of events.

The table indicates that 5 of 11 cells in reference had a
mode ing(a). Nine of these cells were exposed to caffeine.
Although g(a) was usually modal in the presence of caf- In four of those the mode was not present in reference but
feine, the situation in reference conditions was quite vari-all but one developed a mode in caffeine. In two of the
able. A monotonic distribution was illustrated in Fig. 4 and others the mode, which was present but not significant in
a modal one in Fig. 5. Fig. 6 illustrates an experiment inreference, became significant in caffeine. Even when the
which the events recorded before caffeine had a modahode was significant in reference, it increased in density
distributiong; the mode became more marked in the pres-and definition in caffeine. The abscissa of the mode de-
ence of caffeine, and disappeared upon washout. In remark+eased slightly in caffeine.
able agreement, the distribution of rise times (FigA6C) The table also lists the location of the modes in rise time
had a well defined mode in the presence of caffeine, one leddistributions. As shown in Figs. 4—6, a mode is always
marked in the reference situation before caffeine, and appresent in those distributions. However, it is usually at one
peared to be monotonic upon washout. of the first few bins in the histograms, where it may be due

Results in multiple cells are listed in Table 1, where theto failure of detection of very brief events. Goteaet al.
headings “ref” and “caff” identify the condition. Columns 2 (2000b) concluded that modes located at times greater than
and 3 list the numbers of events detected in each casd. ms are probably real, and the present comparison indi-

Correlation between modes in amplitude and
rise time
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FIGURE 6 Effects of caffeine.A—C) Rise time histograms of events detected in reference condifip250 events, 5 images), during a subsequent
exposure to 0.5 mM caffeind( 273 events, 4 images) and after wash@t331 events, 6 imagesD) Amplitude histograms of the corresponding sets.
(E) Corrected amplitude distributiong)( Note correspondence between presence of mode in the rise tingedéstdbutions and disappearance of modes
after washout. Identifier: 0507b.

rectly agrees with that conclusion. When the modes of ris¢éime (as does spark amplitude), the measurement of width
times were at less than 3 ms, there was either no mode in (FWHM) provides an independent test of the adequacy of
or the mode was not significant. When the mode was athe amplitude correction algorithm.

greater than 4 ms, the modegrexisted and was significant. ~ Joint histograms of rise time and width, especially after
The simplest interpretation is that the presence of modes imterpolation by the cubic convolution procedure of Park
the distribution of rise times results in modal distributions ofand Schowengerdt (1983), reveal more clearly the presence
amplitude, and that the modes at rise times greater than 4 ne§ modes than the single variable histograms (Gtezat

and those present in thg(a) graphs correspond to real al., 2000a). For this reason, the features of the joint distri-
features (preferred open times and amplitudes) of the sets biution exhibit a much more detailed correspondence with
events. Borderline cases, when rise times were groupeghodes ing(a) and help clarify cases when the modes in rise
around 3 or 4 ms, are clarified by the analysis of jointtimes are dubious.

distributions. A first example is illustrated in Fig. 7, an experiment in
which both the distribution of rise times and th@) had a
mode in reference. However, the mode of rise times at the
second bin of the histogram (2—4 ms) was suspect. The joint
As stated, the measured amplitude of sparks dependsstogram in reference, Fig.A, shows two modes, termed
strongly on the position of the source relative to the scan“large” and “small” for brevity: “small” at a rise time of 2.5
ning line. Therefore the strategy of the previous sectionsns and a width of~0.9 um, and “large” at~4.5 ms and 1.8
was to compare the corrected amplitude distribution withum. In good correspondence, the amplitude distributions
the much more robust distribution of rise times. Because(a), plotted in Fig. 7D, feature two modes in reference. In
spark spatial width increases with source intensity and opefl.5 mM caffeine, Fig. B, the joint histogram features only

The joint distribution of rise time and width
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FIGURE 7 The joint distribution of rise
time and width. A) Joint histogram of rise
time and full width at half magnitude, for all
412 events detected in a cell in referend®. (
Joint histogram for all 427 events in the same
cell exposed to 0.5 mM caffeine. Note bi-
modal distribution in reference, and disap-
pearance of the small mode in caffein€) (
Amplitude histograms in both condition®)
Corrected amplitude distributiong(a). Note
presence of two modes in reference, and near
disappearance of the low amplitude mode in
caffeine. E) Joint histogram of events in ref-
erence whose measured amplitude wa3.
Note exclusive mapping to the large mode.
(F) Events whose amplitude was3. (G) His-
togram of events in caffeine, with a threshold
criterion lowered to 2r,,. Note appearance of
a mode at low rise time and widtt} Events
detected in images at the holding potential,
obtained in the presence of caffeine. A similar
result, not shown, was obtained in reference.
Binning intervals for joint histograms are
0.428um and 2 ms. Maxima in color scale are
32, 30, 14, 30, 32, and 15, respectively, Agr

B, E, F, G, andH. The histograms are plotted
after interpolation by the cubic convolution
method of Park and Schowengerdt (1983).
Identifier: 0608c.
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the large mode, as if most events in the small mode had Due to the nature of the correction, the mapping is not
become large. This corresponds well with the changgah  bijective (or one-to-one). In Fig. I is the joint histogram
(Fig. 7 D), which in caffeine exhibits essentially a single of the events of amplitude less than 3. This group does not
mode, with the same abscissa as the one at greatest and should not map specifically to the small mode. Indeed,
reference. Hence, the joint histograms exhibit a detailecvents can have low measured amplitudes because they are
correspondence with the corrected amplitude distributiongruly small (mapping to the mode of lower rise time and
and clarify that the single mode in the rise time histogram inwidth), or because they are large but off-focus (belonging to
reference really includes two modes or types of events, théhe large mode of the joint distribution). The mapping
nature of which is explored later. between modes g and modes in the joint histogram,
The correspondence between the number of modes in thiberefore, indicates that the algorithm works correctly.
joint histograms and that ig(a) would be meaningless if Of the two modes in the joint distribution, the small one
modes in amplitude did not map onto the modes in the joinprobably reflects a group of smaller events whose distribu-
histogram. Fig. 7E andF, illustrates such mapping. Events tion is curtailed by limited detection. When the threshold for
in reference were separated in two groups, of measuredetection was lowered too? (cf. Methods), a small mode
amplitude greater or less than 3 (the value that separates tlappeared in caffeine (Fig. @). Moreover, when the detec-
peaks ing(a), Fig. 7D). In Fig. 7E is the joint histogram of tor was applied with lowered threshold to images obtained
events with amplitude greater than 3. As expected, most cdit the holding potential, only the small mode was left (Fig.
them map to the large mode in the joint histogram. 7 H) indicating the presence of false events in this mode.
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The large mode, instead, was robust upon change in detemethod of analysis and led to a new experimental observa-
tion threshold (Fig. 7G), and essentially devoid of false tion. We extended the theory of imaging by confocal scan-
events (Fig. ), both indications that it is not artifactual ners (Pratusevich and Balke, 1996; Shirokova andsRI
(GonZdez et al., 2000b). 1997; Izu et al., 1998; Cheng et al., 1999) to derive the
When the joint distribution failed to show modes, so did mathematical form of the histogram of spark amplitudes.
the Corrected diStribution Of amp|itudes. F|g 8 i”ustrateSUSing a numerica' Computation (Eq 1) based on the de_
two examples. In Fig. &is the joint histogram of a cell that  tected amplitude function (Fig. 2), we showed that the
was studied in reference only, exhibiting a widely spread,mpjitude histograrf(a) is well approximated by an inverse
distribution, with many events of long rise times but only n.qhqtionality k/a, when all sparks are identical. Using this
the trivial small mode. The densitg(a), in Fig. 8B, is 555 4yimation we could then define an algorithm (Eq. 6) to
mqnotonlcally decreasing from a peak at low .ampl'tqde'recover the true distribution of spark amplitudes from the
This ggreemgnt was the rule. The other panels.m the f'gyrSmpIitude histogram experimentally determined in line
contain the joint histograms for the experiment in Fig. 4, N cans. When applied to amplitude histograms from sparks
which the corrected density(a) was monotonous in refer- . ™" e N ;
ence, but had a mode in 1 mM caffeine (FigCht Accord- with a modal distribution of rise t|me_s (which was g_enerally
ingly, the joint distribution went from having just the small the case m_cells e_prseq to cgffeme), the algorithm pro-
mode in reference, at rise time between 2 and 3 (Fig),g duced amplitude distributions with a mode. _
to having an additional broad mode in caffeine (Fig2)81n The algorithm yields the functpnzg(_a), whereo is the
this situation, all events of amplitude2 (belonging to the Standard deviation of the approximating Gaussian. There-
caffeine-induced mode ig(a)) mapped onto the new mode fore, the result is not strictly an amplitude distribution. For
in the joint histogram (image not shown). As was the caséexample, if the true distribution consisted of some small and
for the experiment in Fig. 7, the events of amplitud2 did ~ narrow sparks, and others that were large and wide, then the
not map to either mode in the joint histogram. algorithm would overestimate the frequency of large sparks.
The parametes that appears in Eq. 6 is the true width, the
one reported when sparks are centered on the scanned line.
DISCUSSION The width of the largest sparks in any given image varies

This paper communicates an advance in the theory of lingvithin a narrow range. Consequently, the result of the
scanning of C& sparks, which made possible a new algorithm is approximately proportional t{a).
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FIGURE 8 Joint distributions with trivial modesA) Joint histogram of rise time and width for all 1029 events detected in a cell in reference. Note the
presence of a single mode, which qualifies as artifactual for being at a low value of rise Binlehg corrected amplitude distribution, decaying after a

low amplitude maximum. This fiber was not exposed to caffei@alfd D) Joint histogram for events in reference, or in caffeine, in the cell whose
amplitude distributions are illustrated in Fig. 4. Similar to thatirnthe reference histogra@ has only the trivial mode. This corresponds well with the
monotonically decaying(a) in Fig. 4C. In caffeine D), the histogram becomes bimodal, and the amplitude distribution develops a large mode at amplitude
~4. Binning intervals for joint histograms are 0.428n and 2 ms. Maxima in color scale are 176, 90, and 75 events, respectively @randD.
Identifiers: 0605a and 0315a.
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Tests of the correction algorithm large mode irg(a), mapped exclusively to the large mode in

The alaorith d tully (Fia. 3 hi the joint histogram.
e algorithm was tested successfully (Fig. 3) on histo- The success of the test with simulated distributions, to-

grams con'stru'cted_usi'ng experimental sparks, 'rather th ther with the observed correlation between the presence
the Gaussian idealization that_makes the algorithm exac f modes in rise times, widths and amplitudes, indicate that
The test proved the mathematical consistency of the alggne 41qorithm is qualitatively correct. At the same time, the
rithm, and was an independent verification of goodness ofagit reinforces the conclusion (Gdieaet al., 2000b) that

the assumptions (including Gaussian profile of sparks, thel{he modes in rise time, observed not only in the presence of

approximately constant spatial width, and the random 10Caz a¢feine, but also in some experiments in reference, are real,
tion of their sources within the plane of the Z disks).

- . ‘ _rather than artifacts of the detection procedure. (The corre-
When the algorithm was applied to experimental ampli-ghondence between amplitude and rise time distributions
tude histograms, the resulting densgfs) was positive at v he used conversely, to argue that events of greater rise
almost every measured value af (consistent with the  me tend to have greater amplitude. This statement, how-
presence of events of every amplitude, that is, a continuoUgyer, would only apply to full amplitude, which is unknow-
distribution of true event amplitude within the measuredgpe for an individual event. For measured amplitudes, the
range) and had a mode in many cases. The mode could b focus error may be so large that the correlation is lost, as
a simple artifact of noise in the histograms. To test thissuggested by observations of Golezaet al. (2000b) and
hypothesis the value @fa) (strictly, of the change ia f(a), | acampagne et al. (1999).)
proportional tog(a)) was compared with its probable error.

Theg(a) value was significantly different from zero only at

or near thg modal amplitude, which suggests that the modgodal rise times require irreversible gating

is not fortuitous. In a related test, the modes were found to o _ o o

be still present when noise in the histogram was increasedin€ significance of a mode in the distribution of rise times

by halving sample size. These tests effectively ruled ouf'@s been discussed previously (Cannell and Soeller, 1999;

noise as a determinant of the mode. Bridge et al., 1999; Gorizez et al., 2000a). Its presence is
The algorithm cannot undergo a rigorous test on experit explicable if sparks are due to the opening of one

mental data because the true amplitude distribution of exMarkovian channel evolving reversibly (a channel whose

perimental sparks is unknown. To circumvent this problem/ransition rate constants depend on the present state only,

we relied on a fact first indicated by Pratusevich and Balke2Nd in addition satisfies microscopic reversibility, e.g.,

(1996) and confirmed under different assumptions by other§0lduhoun and Hawkes, 1995), because the open time

(Smith et al., 1998; Jiang et al., 1999), namely, that risdlistributions of such channels are sums of decaying expo-

times and, to a lesser extent, spatial widths are robust und@gentials. By contrast, a channel that evolves irreversibly can

line scanning, varying little with the distance between scan'avé modal open time distributions (Colquhoun and

ning line and spark origin. Hawkes, 1995). Channels that gate irreversibly have been
In other words, one may know rise times and widths with'dentified (Schneggenburger and Ascher, 1997; Chen and

reasonable certainty, even for out-of-focus sparks. Hence, H/Illler, 1996), but we kr_wow of only one examp_le In _the_
a mode is present in the distribution of rise times thenhterature of a channel with nonmonotonic open time distri-

events of very low amplitude, corresponding to very Shortpution (_Gration_et al., 1982). In support of the_ possibility of
fise times, should be comparatively less frequent. Thiérreversmle gating, the Ca release channel is known to be

should result in a distribution whose pdf increases Withregulgted by the_permeating lon (Tripathy and Meissner,
amplitude at low values of the amplitude. Hence, if thelg%’ Xu and Meissner, 1998), and therefore has the capa-

correction algorithm was adequate, it should produgéa _b|||ty to Qerlve energy from the [Co_é.] gradle_nt an_d evolve
With a mode. Indeed. there was an excellent correlatioﬁrrevers'bly' A model that features interaction with the per-

between the presence of a mode in the distribution Olmeating lon has been developed by Wang et al. (2000) and
amplitudes and in that of rise times shown to have stereotyped rise times. These simulations,

. , however, must be considered only a theoretical demonstra-
In some cases the result of the comparison was inconclu- y

L{ion of possibilities, because the actual distributions of open

sive, usually because a mode at low values of rise time. L .
g T imes in bilayers, for channels conducting?Cado not have
could be artifactual. In these cases the joint distribution o
clear modes (Wang et al., 2000).

rise time and spatial width often exhibited two modes, of
which one (small) was artifactual and the other was robust
upon changes in detection sensitivity and/or binning. When: .
o . .. 2 .~ The couplon model produces modal amplitudes
ever a significant mode was present in the joint distribution,
the densityg(a) exhibited a clear mode at largeMoreover, A mode in the amplitude distribution comes naturally in-
there was the expected mapping: the events that were larggead, assuming that groups of channels underlie sparks, as

and closer to focus, i.e., those with an amplitude near thargued by Shirokova et al. (1999). For example, in the
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couplon model (Stern et al., 1997) sparks are produced by
arrays of sarcoplasmic reticulum channels (couplons) along 3942
one side of a junctional segment (Franzini-Armstrong and

A

g T
Jorgensen, 1994) of transverse tubule. In simulations the:>j 1000
sparks from a couplon of 28 channels and 0.3 pA unitary
current had multiple amplitudes (due to the stochastic vari- 500 o
ation in the number of channels involved in individual HHHHH H””H — I
sparks, as well as the variable open times), but with a clear 0 : Hﬂﬂnmh 2|Ca .
mode in their distribution, at amplitude 1.3 (Fig. 18 of Stern 0 10 20 30
et al., 1997). When we repeated the simulation with unitary Maximum Simultaneously Open Ryrs
current of 1 pA (which could be closer to the value in frog B
muscle; Kettlun et al., 2000) the mode moved to an ampli- 2081 M
tude ~4.0. An additional source of variation in amplitude j’
would be the spread in couplon size, resulting in an overall
distribution that, in reference, might not have a mode.
Therefore, the couplon model explains qualitatively the

presence of a mode in the distribution of amplitudes, and 2 HHHH HHH
generates sparks of reasonable size. 04 ﬂnnﬂﬂﬂﬂﬂl , Hﬂm

Simulations with couplons of increasing length led to 0 10 20 30
better-defined modes, of course at greater amplitudes (Stern Maximum Simultaneously Open Ryrs
et al., 1997). Under caffeine, the effects of which include
increased CICR sensitivity (Herrmann-Frank et al., 1999), c
the number of channels activating in a spark would increase,
leading to the better definition of modes.

A couplon simulation of the effects of increased CICR
sensitivity is presented in Fig. 9. The calculations are car-
ried out using the definitions of Stern et al. (1997) and the
set of parameters listed in their Table 1. Half of the channels 2 HH H
in the couplon are supposed to be*Caensitive, gating 0 = ”””HH , [l
among four states according to the diagram in A, where 0 10 20 30
activation (G-0) and inactivation (©>1) are driven by Maximum Simulataneously Open Ryrs
C&" binding to specific sites. The graphs illustrate the
effect of increasing the sensitivity to activation byZCa FIGURE 9 The couplon model generates sparks with modal distribu-
represented in the model as an increask,jrthe forward tions._ Dis_tribution of the maximum number of simultaneous_ly open chan-
constant of the €O transition. Shown is the distribution nels in dlsc_rete events (sparks) generated by a cogplon with the structure

. . . and properties chosen by Stern et al. (1997). It consisted of 28 channels, 14
of maximum number of channels open simultaneously, Ir'(/oltage-operateo‘v() and 14 gated by G4 (C) according to the diagram in
10,000 discrete events occurring in multiple Monte Carloa, with states C (closed), O (open), | (inactivated), and CI (closed-
realizations of the model. The distribution exhibits an ill- inactivated)V channels were activated by voltage sensors according to the
defined mode in the “reference” condition of lowdst(A). allosteric model of Ris et al. (1993) and were €ainsensitive. The

. . . . svolution of the model was computed by Monte Carlo simulation of a
The mode shifts to hlgher numbers and increases its deﬁc:jouplon held steadily at 70 mV, until 10,000 events were generated for

nition whenk, is doubled (B) or quadrupled (C). Additional each set of parameters. An event was accepted when it included opening of
effects, not illustrated, are an increase in the mean and modg|east on€ channel. The three distributions were generated changing the
of the distribution of event durations, and a shift and in-value ofk,, the forward rate constant of the activating transitior0O),
crease in definition of the mode in the amplitude distribu-from 50 uM~?s"* (A) to 100uM 2s™* (B) or 200uM s * (C). Other
tion, similar to that in the number of open channels. parameters and their values are listed in Table 1 of Stern et al. (1997).
Through changes in a single parameter, the simulation
therefore reproduces the observed effects of caffeine, with
an important exception: it predicts an increase in amplitudeprobably reflects an increase in resting fCh hence a
while no increase in average amplitude was observed in theisplacement of G4 away from the sarcoplasmic reticulum).
present experiments (even for the corregjetistribution), In spite of these reasonably successful simulations, the
and only a minor one was found in the study of Gdazat couplon model should not be regarded as a definitive reso-
al. (2000a). Reasons for the discrepancy include an increasetion of spark mechanisms. It implements ad hoc §'Ga
in resting fluorescence (which directly reduces the normaldependent inactivation process that is inconsistent with the
ized amplitude of the events) and partial depletion of 'Ca inactivation properties of release channels in bilayers (for
(because a measurable increase in resting fluorescenessuming a dissociation constant of @AM for the inacti-

Number of

1000

500

umber of Events

1000

500

mber of Events
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vation site). Additionally, it fails to produce the almost The differential equation A1 can be integrated whegp) is Gaussian,

synchronous closure of channels demanded by the rapi§atis:

termination of release in sparks (Lacampagne et al., 1999). a= ae " (A2)
Solving for p in Eq. A2 and substituting in Eq. Al the result is

Average amplitude of Ca%* sparks Pl

. o ) f(a) = n2m — (A3)
As stated, the true amplitude of an individual spark is a
unknowable, because the location of the source is never _ _ .
. . . an expression valid foa < a = a,,. This is the same as text Eq. 2.
determined. The present algorithm, however, provides sta-

tistical knowledge (the distributioig of amplitudes) and

affords central measures: mode, median, or mean. It iIAPPENDIX B: LARGE SPARKS ARE CLOSER TO
interesting to compare such measures of the corrected difHE SCANNING LINE

tribution with thc-’se of t-he distribution of measured ampli- he goal is to prove that a spark of greater measured amplitude is likely to
tudes (the amp“,tUde h|§togram).- The table .ShOWS that th ave originated closer to the scanning line than one of lesser amplitude.
mode of the distributiog is approximately 2.5 times greater 11,6 only assumption needed is that the dengity) of the distribution
than the average of the measured amplitudes (the other full amplitudes has a mode, or, at least, decays beyond a certain value
central measures df, not listed, are close to the mode). of « and eventually reaches 0.

Obviously, this ratio is somewhat variable, as it depends on Let 2 be the measured amplitude of a spark. The expected valpp E
the Sensitivity of the detector and the threshold at which itOf the dlst.ance) of its source to the scanning line, can be calculated, and
is set, but is sufficiently well defined to provide a useful rule 's proportional o

of thumb: when nothing is known regarding the position of pmex
a spark, its amplitude is likely to be underestimated two- to J uG(a, uydu (B1)
threefold, due to the uncertainty in location of the source
relative to the scanning line. This is an important consider-
ation, for instance, when using the amplitude of sparks a¥here the integration‘variabla takes the possible val_ues of distan‘ce,
between 0 and a maximum,,,,, corresponding to the distance at which

indication of the underlying currents and numbers of Charl_the biggest possible spark is detected with amplitadés(a,u) is the

nels. Rather than the average amp“tUde (used! for InSt"5”1(:&’0bability density of sparks such that the measured amplitude widl be

by Rios et al., 1999), an adequate model should account fathen originating at distanaefrom the scanning line. If, for simplicity, we

an amplitude 2 to 3 times greater. assume (the detected amplitude function of) sparks to be Gaussian, then
Eq. A2 applies. Henceg, the full amplitude of a spark detected with
amplitude a at distancep, satisfiesa = a expkp?), with k = 1/202.
Therefore,G(a,u) = g(a expku?)). Substituting in B1,

0

APPENDIX A: AMPLITUDE HISTOGRAM OF A

Pmax
GAUSSIAN SPARK J g(ad)du ©2)
The goal is to prove that the amplitude histogram of sparks in a confocal
line scan image has the analytical form given by text Eq. 2 in a special case.
The detected amplitude functi@fy,z), illustrated in Fig. 2A, is defined as Beyond a certain value af, g(a) is assumed to decrease. Moreoyer,,
the amplitude with which a spark of full image amplituag,, would be s a decreasing function of the amplitueefor both reasons, the integral
detected in a line scan if it originated at a positigyzand the scanned line  (B2) will decrease witta, at least fora beyond a certain value. Therefore,
was at ,0,0). The detected amplitude function is derived from an exper-the expected value of the distance from spark source and scanning line is
imental spark~(x, f) using the assumption that the spark is spherically 5 decreasing function of the measured spark amplitude, as hypothesized.
symmetric. We will assume for simplicity that the imaging properties of the (The derivation used a Gaussian shape for the detected amplitude function,
microscope (determining its PSF) are also symmetric. Under these hypotfsyt only as an example. This function determines a factor in the argument
esesa(y,z) is also symmetric. Specifically, it is a functioa(p) of the of g (in B2) whose specific form is irrelevant to the proof.)
distancep = V/(y? + Z°) from the spark center to the scanned line, and the
functional dependencae, is the same as that &f,,,(X), derived from the

sparkF(x, 9 as described in the text. This work was supported by grants from the National Institutes of Health
Then, according to Eq. 1, when sparks of the same form are generategy . R.), by intramural research programs of National Institutes of Health
at random positions in the Z disks, at a ratengber unit area of Z disk (to M. D. S and H. C.), and by a grant from National Institutes of Health

(during the time when the image is collected), the frequency of sparks i N. S.). A. G. is the recipient of a Senior Fellowship from the American
the image with detected amplitudes within an intenalg + da) will be Heart Association of Metropolitan Chicago.
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