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Abstract Using high temporally and spatially resolved
confocal laser scanning microscopy, we have recently
demonstrated the existence of elementary Ca’" release
events (ECRE) in chemically and mechanically skinned
fibres from adult mammalian skeletal muscle. Here, we
present a first approach to the analysis of mammalian
ECRE with a spatio-temporal mathematical model of
Ca’" jon distribution in skinned muscle fibre prepara-
tions. The differential equations for the main processes,
including sarcoplasmic reticulum Ca®* handling, are
solved in a 2-D cylindrical geometry by the method of
explicit finite differences. By calculating the various
spatio-temporal ion concentrations as well as the theo-
retical fluorescence signals for confocal microscopy,
corrected for the point spread function, the model out-
put can be directly correlated with the experimental
data. Thus, the basic features of mammalian ECRE
were successfully reproduced with our model. In par-
ticular, under our model assumptions a considerable
depletion of luminal free calcium is predicted even for
short spark-like ECRE. For a full understanding of the
molecular and sub-cellular events responsible for EC
coupling it is vitally important to combine the experi-
mental and modelling approaches to elucidate the con-
tribution of mammalian ECRE to the global Ca’"
release and its alteration under various physiological
and also pathophysiological conditions.
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Introduction

The regulation of contractile force development in
skeletal muscle is achieved by the voltage-dependent
release of Ca®" ions from the sarcoplasmic reticulum
(SR), the intracellular Ca>™ ion store. This subsequently
leads to an increase of the intracellular free Ca>" ion
concentration by up to two orders of magnitude, which
activates the Ca®” regulatory proteins and initiates
contraction. The central mechanism of excitation-con-
traction (EC) coupling is the conversion of the electrical
trigger signal, the action potential (AP), into the release
of Ca®" ions from the SR. In skeletal muscle this con-
version is achieved by a direct mechanical interaction of
the voltage-sensing dihydropyridine receptors [DHPR,
located in the transverse tubular system (TTS) of the
outer sarcolemma; Rios and Brum 1987] with the Ca*"
release channels of the SR, the ryanodine receptors
(RyR) (Dulhunty 1992). This mechanism is structurally
based on the morphology of the triadic junction, where
the TTS and the terminal cisternae of the SR are in very
close contact, with every second ryanodine receptor in
the SR membrane facing a tetrade of DHPR (skip pat-
tern; Block et al. 1988) in the TTS. In addition to the
voltage-dependent activation, RyR can be triggered to a
lesser extent by Ca”" ions via calcium-induced calcium
release (CICR), which is the main trigger for calcium
release in heart muscle (Lipp and Niggli 1998).

Using high-resolution confocal fluorescence laser
scanning microscopy, elementary Ca”" release events
(ECRE) through single or clusters of RyR could be
detected in heart (Cheng et al. 1993), smooth (Nelson
et al. 1995), and amphibian skeletal (Tsugorka et al.
1995; Klein et al. 1996) muscle fibre preparations.
However, so far, controversial results have been re-
ported in mammalian skeletal muscle fibre preparations,
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ranging from the non-existence of sparks in adult rat
fibres under voltage clamp conditions (Shirokova et al.
1998) to a scarce appearance of sparks in intact adult
mouse muscle fibres (Conklin et al. 2000). In a recent
study (Kirsch et al. 2001) we have demonstrated the
abundant existence of ECRE in adult mammalian skel-
etal muscle fibre preparations, which were chemically or
mechanically skinned. Interestingly, ECRE in these
preparations consist of both spark-like and ember-like
events, which could additionally occur in combination at
the same location.

The present work aims to present and discuss the
analysis of spark- and ember-like ECRE in skinned adult
mammalian skeletal muscle fibres with a first and sim-
plified spatio-temporal mathematical model of ECRE
generation. It is based on a model which was originally
developed for global Ca®* transients (Uttenweiler et al.
1998) and which is now extended for studying ECRE
in these preparations. Preliminary results of this work
were presented at the World Congress on Cellular and
Molecular Biology 2000 in Jena, Germany (Uttenweiler
et al. 2000).

Materials and methods

The detailed description of the experimental conditions for re-
cording ECRE in skinned skeletal muscle fibres can be found in
Kirsch et al. (2001). A brief description of the microscopic re-
cording conditions, the preparation and the solutions will be given
in the following.

Confocal laser scanning microscopy

ECRE in skinned skeletal muscle fibres were measured in an ex-
perimental chamber, which was mounted on the stage of an
inverted microscope (IX70, Olympus) and imaged through a
40x water immersion objective (UAPO40xW/340/1.15, Olympus).
A confocal laser scanning unit (FV300, Olympus) was used to ex-
cite the Ca® " -sensitive fluorescence indicator fluo-4 (60 pM) with
the 488 nm line of a 20 mW Kr/Ar laser (Omnichrome, Melles
Griot) and to record fluorescence emission at wavelengths larger
than 510 nm using a barrier filter and a pinhole size of 150 um. For
the measurement of the dynamic morphological parameters of
ECRE, confocal line scans were acquired with a temporal resolu-
tion of 2.05 ms per line. The point spread function (PSF) of the
microscopic set-up was determined from the full width at half
maximum (FWHM) of Gaussian fits applied to the lateral and axial
intensity profiles of sub-resolution beads imaged in xyz stacks. The
lateral and axial resolutions were 0.35+£0.02 um and
1.06 £0.05 pm, respectively.

Preparations

All animals were handled according to the guidelines of the animal
care committee of the University of Heidelberg. Single muscle fi-
bres from the extensor digitorum longus (edl; fast twitch) of male
Balb-C mice, sacrificed by a raising concentration of CO,, were
prepared in relaxing solution. Skinning was achieved by a 2 min
application of 0.01 % saponin (Fluka) in relaxing solution, re-
sulting in a selective perforation of the sarcolemma, or by me-
chanical removal of the outer membrane. For fluorescence imaging
the fibres were fixed at both ends in the experimental chamber and
immersed in the internal solution additionally containing 60 uM
fluo-4.

Solutions

Total and free ion concentrations were calculated using the soft-
ware program REACT II (obtained from G.L. Smith, University of
Glasgow, Scotland). The following types of solution were used:
relaxing solution: 140 mM K-glutamate, 10 mM HEPES, 5 mM
glucose, 1 mM EGTA, 10 mM MgCl,, 0.3 mM CaCl,, pH 7.0;
internal solution: 140 mM K-glutamate, 10 mM HEPES, 5 mM
glucose, 0.5 mM EGTA, 5 mM Na,ATP, 5 mM Na,-creatine-
phosphate, 5.4 mM MgCl,, 0.1 mM CaCl,, pH 7.0. The free Ca2*
concentration for the internal solution was 100 nM and the free
Mg® " concentration was 0.6 mM. All experiments were carried out
at room temperature (22-23 °C).

Mathematical modelling

The model used for the simulation of ECRE is based on the
mathematical model for global Ca®™ transients in skinned muscle
fibres as described in Uttenweiler et al. (1998). For ECRE simu-
lations the existing model has been expanded to a 2-D cylindrical
geometry with radial symmetry. Thus, ion concentrations are cal-
culated as a function of the radius r, the longitudinal coordinate z
and time 7. In general, the following processes are included in the
model (see Fig. 1):

1. Diffusion of free Ca’>" ions, the fluorescent indicator fluo-4,
EGTA, ATP and the respective Ca>" complexes.

2. Diffusion of free Ca®>" ions in the longitudinal (z) direction in-
side the SR.

3. Ca’” release by the SR through a source of variable extension.

. Ca®" re-uptake by the SR Ca’" pumps.

. Binding of Ca®™ ions inside the SR to calcium-binding proteins

(CBP), pooled as a calsequestrin buffer.
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Fig. 1. Model geometry and the ph;/siological processes included
in the model. / Diffusion of free Ca*" ions as well as diffusion of
mobile buffers (fluo-4, EGTA, ATP) and their respective Ca’”
complexes in the myoplasm. 2 Diffusion of free Ca®" ions inside
the SR in longitudinal direction. 3 Ca®* release and 4 re-uptake by
the SR. Binding of Ca®>” ions to 5 Ca®>" binding proteins (CBP)
inside the SR. 6 Binding to the immobile buffer TnC. 7 Binding to
mobile buffers (fluo-4, EGTA, ATP). The muscle fibre is modelled
in a cylindrical geometry with radial symmetry. The index for the
spatial discretization in the radial (r) direction is denoted by i and
in the longitudinal (z) direction by j



Fig. 2A-G. ECRE in skinned
mammalian skeletal muscle fi-
bres. The line scan images show
typical examples for the variety
of ECRE with spark-like events
(A-C) and ember-like events
(D-G). The morphological
parameters are: A, amplitude
2.41 FJF,, rise time 8.10 ms,
FWHM 2.87 um and FDHM
14.00 ms. B, amplitude

2.81 F/Fy, rise time 16.00 ms,
FWHM 2.73 um and FDHM
12.00 ms. C, amplitude

2.55 F/Fy, rise time 16.90 ms,
FWHM 3.41 pm and FDHM
46.00 ms. D, amplitude

2.07 F/Fy, rise time 91.95 ms,
FWHM 1.23 pm and FDHM
112.00 ms. E, amplitude

2.57 F|Fy, rise time 6.40 ms,
FWHM 2.05 ym and FDHM
78.00 ms. F, amplitude

2.25 FJFy, rise time 167.75 ms,
FWHM 1.23 ym and FDHM
128.00 ms. G, amplitude

1.73 F/F,, rise time 241.85 ms,
FWHM 0.82 um and FDHM
180.00 ms

6. Binding of Ca>*
7. Binding of Ca®*
ATP.

ions to troponin-C.
ions to the mobile buffers fluo-4, EGTA and

The effect of soluble Ca®” binding proteins is neglected, as the
skinning leads to wash out of these Ca*" buffers (Gillis 1985).

The model geometry has additionally been adopted such that the
SR forms a compartment surrounding a myofibril which is used as
the 31mu1at10n volume. The SR interacts with the myoﬁbrlllar space
by Ca®* release from the Ca®* source and an active Ca®* re-uptake
by the SR Ca’*-ATPases. In this 51mp11fymg approach the very
complex structure of the triadic region has been lumped together
into a symmetric Ca®" source centred at the cylinder axis. Addi-
tionally, the size of the source can be adjusted in both the radial and
longltudlnal spatial dimensions. Long1tud1nal diffusion of free Ca®*
ions inside the SR and binding to SR Ca®" binding proteins with
the kinetic properties of calsequestrin is also included in the model.
The dimensions of the model volume are 1 um in the radial and
2 um in the longitudinal directions, respectively. The symmetry
additionally leads to a mirroring of the model volume at z=0 um.

The diffusion equation with the various source and sink terms
in the 2-D cylindrical geometry can be written as (Crank 1975):

dc(r,z,t) 10 ac(r zt)\ | 0 [ 0c(rzt)
< o) Ta:\P e

o= )-i—h(r,z,t) (1)

with the concentration ¢, the diffusion coefficient D and /h(r,z,t)
being the sum of all source and sink terms of the various processes
involved'.

[Ca®*] denotes the free Ca’™ concentration in the following
equations
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The release of Ca®>™ ions from the SR is assumed to be propor-
tional to the concentration gradient across the SR membrane:

d[ca**
[dt ] :“l<[caz+]SR7

where a;(r,z,t) is a proportlonal constant which can be used for
adjusting the extent of SR Ca®* ion release per unit time.

[Ca2+] ) with ay = a;(r,z,t)  (2)

myoplasm

«* " -ATPase

The active removal of Ca®™ ions from the cytosol by the SR Ca
pump is modelled with a Hill-type relation, assuming a Ca t

dependent second-order saturable pump. The uptake of Ca®™ ions

into the SR can then be written as:

d[Ca™] v [Ca®]" 3
de [Ca*] K2

where v,y 1s the maximum uptake velocity, Ky, is the half-maximal
uptake rate and n=2 is the Hill coefficient.

Buffers

Calcium is assumed to bind to all buffers in a 1:1 stoichiometry and
without cooperativity, so that the following equation holds:

d C 2+
a Z [Ca®"], . [buffer] > buffer'] (4)

free _kf)ff [Ca
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where ¢ denotes the various buffers, k/, is the kinetic on- rate con-
stant and k' is the kinetic off-rate constant of the buffer’ Ca>"
binding. For the buffering of troponin-C, only the regulatory sites
are considered. As the troponin concentration in skeletal muscle is
roughly 70 uM (Gillis 1985) and each molecule has two regulatory
binding sites, as a first approximation with no cooperativity the
effective concentration can be tdken as 140 uM. The high-affinity
binding sites and the effect of Mg?" competition are neglected in
the model.

Discretization

The differential equations described above are solved using the
method of explicit finite-differences. Let i and j denote the radial
and the longitudinal grid positions, respectively, k the discrete time
index, or and Jz the step-sizes in the radial and longitudinal di-
rections, respectively, and o7 the temporal step-size. Then, for the
case of the diffusion equation the finite-difference approximation is
given by:

Cijk+1 21((» L {204 )ik + 2ici i x — Biciju
+(2i = 1)cim1 g+ 2icij1 5} +cijr for i#0
Cojji1 = —6c0,k +Cojr1k +CO./—1,k} +cojk for i=0

(5)
if additionally dr =0z, i.e. equal step-sizes in the radial and longi-
tudinal directions. The model volume is divided into 50 intervals in
the radial and 100 intervals in the longitudinal directions, leading
to an effective spatial step-size of 20 nm for both spatial dimen-
sions. The boundary of the system is treated with Neumann
boundary conditions, i.e. zero perpendicular flux. For that case the
explicit finite-difference formula is given by:

Cijk+1 {ZlCUJrl & (6 l)clj k

+(2i— l)c,,l‘j.kJrZICi,j,],k} +cijk for i=imax

(6)

The discretization for all other differential equations are im-
plemented according to Uttenweiler et al. (1998).

= DZZ(&)

Computing

The finite-difference algorithm was programmed in ANSI-C lan-
guage and the calculations were performed using a R10000 work-
station (Silicon Graphics, IRIX 6.4). The step-size for the time
iteration was 4,000,000 time steps per second. The error in calcu-
lating the solution of the differential equations with the finite-
dlfference algorlthm was controlled by monitoring the amount of
total Ca>* in the model. Errors were kept below 1% in all calcu-
lations.

Simulation of the effect of the microscopic PSF

The experimentally detected fluorescence F(x,y,z) is assumed to be
the result of the convolution of the 3-D distribution of Ca®* ions
bound to the fluorescence indicator with the microscopic PSF:

Firyz) = [ [ [ 1cauo-ai, )
PSF(x —x',y —y,z—2Z)dx' dy/ d (7)

Note that x, y, z are now Cartesian coordinates, with z being the
optical axial direction of the microscope. We have simulated the
PSF blurring by a convolution of the model output for the 3-D
distribution of [Ca®* fluo-4], which was explicitly calculated from
the 2-D data of the model output, with a 3-D Gaussian kernel
approximating the PSF:

F(x,y,2) = M‘; M[Ca2+ﬂuo—4] X,y,7)
exp(—(lef% +02;3 +E2 ))dx’dy’dz’ 8)

The Gaussian kernel was chosen such that the spatial FWHMs
correspond to the measured FWHMSs of the PSF of our micro-
scopic set-up (i.e. x-direction 350 nm, y-direction 350 nm, axial
direction 1060 nm). The convolution was done in the spatial do-
main by additionally exploiting the separability of the 3-D
Gaussian kernel into three independent 1-D Gaussian kernels to
reduce the computational load (Jdhne 1999):

o Jew (-~ e (L)

feXp(_ (22*::2) ) [Caz+fIUO _ 4] (X 7y ,Z )dZ, dy/ dx/ (9)

F(x,y,z) =

Finally, the theoretical fluorescence F(x,y,z) is normalized with
the baseline fluorescence at time =0 s, resulting in the normalized
theoretical fluorescence F/F.

The results were stored such that theoretical line scan images at
different sarcomeric locations could be directly compared to the
experimentally obtained line scans.

Results

Typical line scan images of ECRE in skinned mammalian
skeletal muscle fibre preparations are shown in Fig. 2.
The fluorescence is expressed in normalized units (F/Fy).
It is obtained from the ratio of the raw line scan data of
fluorescence F(x,t) and the average baseline fluorescence
Fy(x) prior to the event for every value of the temporal
coordinate ¢. The spatial and temporal properties of the

»
>

Fig. 3A, B. Simulated line scan images of ECRE. The time courses
of ECRE measured at the spatial coordinate of maximum
amplitude are given below each image. A Panels SI1-S3 show
simulations of spark-type ECRE and S4-S6 of ember-like events.
The following geometric and source parameters have been used in
the simulations: S/, source size 40 nm in the r and z directions,
duration of Ca’>™" release 10 ms; S2, source size 40 nm in the r and z
directions, duration of Ca®" release 25 ms. S3, source size 40 nm in
the rand 1 pm in the z directions, duration of Ca>" release 10 ms;
S4, source size 40 nm in the r dnd z directions, two-stage Ca’”"
release with first stage duration of 10 ms followed by a second stage
of 90 ms; S5, source size 40 nm in the r and z directions, two-stage
Ca?" release with first duration of 20 ms and second of 180 ms; S6,
source size 40 nm in the r and z directions, one-stage Ca®" release
with 62.5 ms duration. The morphological parameters are: S1,
amplitude 4.98 F/F,, FDHM 20 ms, rise time 7.5 ms; S2, ampli-
tude 5.64 F/F,, FDHM 47.5 ms, rise time 22.5 ms; S3, amplitude
4.65 F/Fy, FDHM 20 ms, rise time 7.5 ms; S4, amplitude 3.83 F/
Fy, FDHM 120 ms, rise time 10 ms; S5, amplitude 3.25 F/F,,
FDHM 218 ms, rise time 17.5 ms; S6, amplitude 4.28 F/F,,
FDHM 90 ms, rise time 57.5 ms. B Panels S/Ca-S6Ca show the
corresponding free Ca”>" ion concentrations of the simulated line
scans S1-S6, respectively. Note: the spatial coordinate has been
expanded in order to visualize the narrow spatial distribution of
free Ca>" ions in more detail. Additionally, the colour coding has
been chosen such that it is consistent for all six panels. For panels
S1Ca and S2Ca this leads to a colour saturation at the peak
concentrations. The morphological parameters are: S/Ca, ampli-
tude 159 uM, FDHM 10 ms, rise time 0.6 ms; S2Ca, amplitude
159 uM, FDHM 25 ms, rise time 0.6 ms; S3Ca, amplitude 18.6 uM,
FDHM 10 ms, rise time 0.6 ms; S4Ca, amplitude 68.6 uM, FDHM
7.5 ms, rise time 2.5 ms; S5Ca, amplitude 45.3 uM, FDHM 20 ms,
rise time 1.25 ms; S6Ca, amplitude 43.9 uM, FDHM 62.5 ms, rise
time 1.25 ms



ECRE are characterized by four event parameters:
amplitude (maximum increase in fluorescence), FWHM
(measured at the time of the peak), full duration at half
maximum (FDHM) and rise time (elapsed between 10%
and full amplitude at the spatial centre). As described in
Kirsch et al. (2001), ECRE in these preparations consist
of spark-like events (panels A-C), ember-like events
(panels D—G) and combinations thereof. Interestingly,
this is a major difference to amphibian skinned muscle
fibre preparations, where only Ca®"* sparks could be
detected. Typical values of the morphological parameters
of mammalian ECRE are in the range 1.5-4.5 F/F, for
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the amplitude and 1.2-3.0 um for the FWHM. For
spark-like events the typical temporal morphological
parameters are 8—18 ms for the rise time and 1049 ms
for the FDHM, whereas for ember-like events the rise
times are in the range 15-250 ms and FDHM in the
range 50-350 ms. The morphological parameters of
the ECRE shown in Fig. 2 are given in the figure legend.
The greater variability of mammalian ECRE time
courses and spatial properties exemplarily demonstrated
in Fig. 2 /FIGREF > suggest that additional control
factors of Ca’" release are involved in mammalian
compared to amphibian skeletal muscle preparations.
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The output of the model calculations for simulated
line scan images obtained under various assumptions
and conditions is shown in Fig. 3. The simulations in
panels S1-S3 correspond to spark-like events. The
source size in the model calculations for S1 and S2 is
40 nm in both the radial and longitudinal directions and
the period of Ca®" release is 10 ms in SI and 25 ms in
S2. In the simulation shown in panel S3 the source size is
40 nm in the radial and 1 um in the longitudinal direc-
tions and the source is open for 10 ms. With these set-
tings, spark-like events with different time courses and
spatial properties can be effectively simulated. The sim-
ulation of ember-like events is shown in panels S4-S6.
The source size is 40 nm in both the radial and longi-
tudinal directions for all three simulations and Ca*"
release is modelled either as a two-stage release (S4, S5)
or a one-stage release (S6) with a source open time of
62.5 ms. The two-stage release is obtained by an initial

Fig. 4A-D. Simulated spatial and temporal ECRE properties of
spark-like events. The solid lines correspond to simulation S1 in
Fig. 3, the dotted lines to S2 and the dashed lines to S3, respectively.
A Spatial profile of ECRE measured at the temporal coordinate of
maximum amplitude. B Spatial profile of the free Ca®" ion
concentration measured at the temporal coordinate of maximum
amplitude F/F, of the simulated line scan images. Note that there is
a distinct difference of the time in peak amplitude for the line scan
images and the free Ca®>" ion concentration, which can be seen in
the respective time courses of Fig. 3. C Ca>" release current from
the SR. D Average free Ca®>" ion concentration inside the SR. The
average was calculated from the SR concentrations between
z=0 um and z=0.6 um. The morphological parameters are: S1,
FWHM 1.32 pm (solid line); S2, FWHM 2.12 um (dotted line); S3,
FWHM 1.56 pm (dashed line); S1Ca, FWHM 0.12 pm (solid line);
S2Ca, FWHM 0.12 um (dotted line); S3Ca, FWHM 1.04 pm
(dashed line)

A 6

I [pA]
(o]

0 10 20 30 40 50 60

time [ms]

opening of the source for 10 ms (S4) and 20 ms (S5),
followed by the second opening of 90 ms (S4) and
180 ms (S5) with a reduced proportionality factor ¢; in
Eq. (2). In simulation S4, a; was reduced by a factor of
10 and in simulation S5 it was reduced by a factor of 14.
The situation of a two-stage source basically corre-
sponds to either changes in single-channel conductances
or changes in channel recruitment during ECRE, as
discussed by Gonzalez et al. (2000) for experiments with
drug-modulated amphibian Ca®" sparks.

In addition to the simulated line scan images, the
corresponding free Ca®* ion distributions are given in
panels S1Ca—S6Ca. The free Ca®* ion distribution turns
out to be much more confined in space and it also ex-
hibits more rapid decay characteristics than the fluo-
rescence signal. Both effects are due to the lack of
equilibrium between the fluorescent indictor and the free
Ca’" ions and to the large spatial concentration gradi-
ents, as discussed in Smith et al. (1998).

The detailed spatio-temporal characteristics of the
simulated ECRE are summarized in the time course
traces of Fig. 3, and in Figs. 4 and 5 for the spark-like
and ember-like ECRE, respectively. The variety of ex-
perimentally observed spark-like ECRE can be modelled
by varying the open times of the Ca®* source in the range
5-30 ms. Interestingly, the duration of Ca’" release
shows a larger effect on ECRE spatial dimensions
(FWHM) than the actual source size in the longitudinal
(z) direction. This can be seen in Fig. 4A, where the
FWHM of the ECRE with a 40 nm point source and
25 ms release time is 2.12 pym, in comparison to a
FWHM of 1.56 pm for the ECRE with a 1 pm source
opened for 10 ms. The release currents in panel C indi-
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Fig. SA-D. Simulated spatial A 5 B 60
and temporal ECRE properties
of ember-like events. The panels 50
are analogous to Fig. 4. The
solid lines correspond to simu- 40 |
lation S4 in Fig. 3, the dotted S s
lines to S5 and the dashed lines T = 304
to S6, respectively. The mor- © 20
phological parameters are: S4, 1
FWHM 1.1 pm (solid line); S5, 10 1
FWHM 1.32 pum (dotted line);
S6, FWHM 1.84 um (dashed 0
line); S4Ca, FWHM 0.10 um 140 05 00 05 10
(solid line); S5Ca, FWHM ) _
0.08 pum (dotted line); S6Ca, distance [pm] distance [pm]
FWHM 0.08 pm (dashed line) C 4 D 1.4
1.2 ]
3 1.0 U\f
— =038 |
5 2 E
= = 06 1
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. T
0.2 —l___ﬁ_]
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cate that, for the assumption of a Ca>" release which is
proportional to the free Ca>" gradient across the SR
membrane, the release current is not constant in time,
even during short spark-like events. In previous models
of amphibian skeletal muscle, Ca®" sparks (Jiang et al.
1999; Rios et al. 1999), cardiac myocytes (Smith et al.
1998) and general spark models (Izu et al. 1998), the re-
lease current was assumed constant during Ca®* sparks.
The time course of the averaged free Ca®* concentration
in the longitudinal distance z=0-0.6 pum inside the SR in
panel D yields the explanation for the declining Ca**
release current. For the parameter values of SR Ca’”"
buffer binding summarized in Table 1, the free Ca*>" ion
concentration inside the SR significantly declines in the
first 5 ms of the Ca®" release. The dissociation of Ca*"
ions bound to the luminal Ca?" buffer calsequestrin in
the small SR volume and longitudinal diffusion of Ca’"
ions is not fast enough to compensate for the loss of Ca’*
ions during the initial release phase. Upon termination of
Ca’" release the free Ca® " ion concentration regenerates
in less than 5 ms to nearly the original value. The detailed
spatio-temporal profile of the free Ca’" ion concentra-
tion inside the SR during the spark-like event S1 is shown
in Fig. 6. It can be clearly seen that the free Ca’" ion
concentration significantly decreases during the event,
even at a distance of 2 pm from the Ca®* source.

The simulations of the ember-like ECRE were ac-
complished by either a one-stage or a two-stage source,
as explained above. With these assumptions, ember-like
ECRE could be reproduced as seen in Figs. 3 and 5.
However, it was not possible to simulate ember-like
events with steady fluorescence levels at low amplitudes,
e.g. as shown in Fig. 2G. Also, the simulated ember-like

events were all preceded by an overshoot in the rising
phase. From the time courses in Fig. 3 it is difficult to
distinguish if experimentally observed ember-like events
are due to a one-stage, a two-stage or even a different
release mode. These events also cannot be explained by
out-of-focus release events, as simulated line scan images
with different distances to the release site did not re-
produce events with a steady low amplitude.

Additionally, we found that changing the initial free
Ca’" ion concentration inside the SR (from 1.2 mM to
0.4 mM) did not significantly alter the ECRE properties,
as seen from the time courses of simulation S4 in com-
parison to S5. Interestingly, as for spark-like events, we
found that the spatial spread of the event is mostly de-
pendent on the duration of the first-stage Ca®" release
current with the larger proportionality factor «;. This
observation is in agreement with Izu et al. (2001), who
found that mainly the amplitude of the Ca’>" release
current determines the spatial spread of Ca”" sparks in
their model.

Discussion

The discovery of ECRE in skinned fibre preparations of
adult mammalian skeletal muscle has opened many new
and exciting questions in skeletal muscle EC coupling.
Especially, the morphological variety of ECRE in
mammals in comparison to the stereotype appearance of
Ca’>" sparks in amphibians suggests that additional
control factors of Ca’>" release are involved in mam-
mals. In order to address this question, we have pre-
sented here the approach of a model-based analysis of
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Table 1. Parameters used in the simulations

Definition

Standard value

Source

Calcium diffusion
Cytosolic diffusion coefficient

Sarcoplasmic reticulum

Resting free Ca®>™ concentration

Local CS binding site concentration
Kinetic on- and off-rate constants, CS-Ca’>*
Dissociation constant, CS-Ca?™"

SR Ca?* pump
Maximum uptake rate
Half maximal rate
Hill coefficient

TnC regulatory sites

Total local concentration

Kinetic on- and off-rate constants, TnC-Ca®™"
Dissociation constant, TnC-Ca>*

ATP

Dissociation constant, ATP-Ca>*

Kinetic on- and off-rate constants, ATP-Ca
Cytosolic diffusion coefficient

EGTA

Dissociation constant, EGTA-Ca>*

Kinetic on- and off-rate constants, EGTA-Ca’”*
Cytosolic diffusion coefficient

Fluo-4

Dissociation constant, fluo-Ca®™"

Kinetic on- and off-rate constants, fluo-Ca>™
Cytosolic diffusion coefficient

2+

Dc,=350 umz st

AR et =0.4-2 mM

cCStot= 31 mM

kon=8772 M ' s7!, kog=10s"
Kq4=1.14 mM

Vinax =60 uM 57!
km=0.24 uM
n=2.07

€ =140 uM
kon=12x10 M's!, kog=23 57!
K4=0.2x10°M

K4=200 pM
kon=150x10° M s7!, kor=30,000 s
Darp=140 pmz s

Kq4=0.627 uM ®
kon=1.5x10° M 's7! kog=094 s
Degta=170 umz st

Kq4=0.74 tM
kon=236x10° M s7!, kog=175 5"
Dauo-4=200 umz st

Wagner and Keizer (1994)

Cannell and Allen (1984)
Cannell and Allen (1984)
Donoso et al. (1995)
Donoso et al. (1995)

Stienen et al. (1995)
Stienen et al. (1995)
Stienen et al. (1995)

Robertson et al. (1981)
Robertson et al. (1981)
Robertson et al. (1981)

Baylor and Hollingworth (1998)
Baylor and Hollingworth (1998)
Baylor and Hollingworth (1998)

Pape et al. (1995)
Pape et al. (1995)
Pape et al. (1995)

Escobar et al. (1997)
Escobar et al. (1997)
Harkins et al. (1993)

4Strongly dependent on pH variation; value for pH 7.0

time [ms]

Fig. 6. Free Ca®" ion concentration inside the SR. The free Ca®™*
ion concentration inside the SR during the spark-like event SI in
Fig. 3 is plotted versus the longitudinal coordinate z and time . It
can be clearly seen that the free Ca’’ ion concentration
significantly decreases during the event, even at a distance of 2 pm

ECRE in skinned mammalian skeletal muscle fibre
preparations. In this first and simplified modelling
approach we could reconstruct the basic morphological
parameters of ECRE. However, it also became clear
that, especially for the modelling of ember-like ECRE,

the current mathematical models are still not sufficiently
detailed enough to successfully reconstruct all features
of ECRE, especially those with prolonged stable low-
amplitude time courses. The spatial spread of ECRE was
found to be higher correlated to source open times and
release currents (Izu et al. 2001) than to source widths
examined up to 1 pm. Such large longitudinal source
extensions would additionally be very unlikely from
structural data, as discussed in Rios et al. (1999).

One major result of the present work is that under our
model assumptions a depletion of luminal free Ca®*
concentration is predicted even for short spark-like
events. Such a depletion could be an essential factor of
intraluminal control of SR Ca®" release. Studies on tri-
ads isolated from mammalian skeletal muscle (Donoso
et al. 1995) showed that luminal Ca®>* concentration had
a distinctive effect on Ca’>" release, presumably by reg-
ulating SR calcium channels. Additionally, there were
profound differences between amphibian and mammali-
an preparations. Lipid bilayer experiments also suggest a
regulation of RyR by luminal Ca*™ sensing sites (Gyorke
and Gyorke 1998; Ching et al. 2000). This intraluminal
regulation in conjunction with luminal Ca*>" depletion
could also serve as a factor involved in ECRE termina-
tion, in addition to membrane potential and hence DHP-
RyR mediated termination (Lacampagne et al. 2000).
However, the influence of the luminal Ca®>" concentra-
tion on ECRE has been mainly studied for the



RyR2 isoform in cardiac muscle and is still controver-
sially discussed. In ventricular myocytes there has been
no experimental evidence for a physiological role of
intraluminal Ca®>* depletion for ECRE termination
(Lukyanenko et al. 1998) or activation (Song et al. 1997).

In general, our study shows that it is most essential to
develop more sophisticated mathematical models, which
include the known structural and functional molecular
details. In a further extension of our model, the complex
morphological structure of triads has to be treated in its
entire 3-D topology in order to fully understand the
effects of restricted volumes and the molecular ar-
rangements of Ca’" release units. It should be noted
that in mammals the situation is even more complex
than in amphibian skeletal muscle, since there are two
segments of TTS per sarcomere. Also, especially for
mammalian skeletal muscle it is essential to include the
details of the complex molecular DHP-RyR interaction
in order to allow a reliable feedback from model calcu-
lations. Additionally, other Ca®>" ion stores, e.g. mito-
chondria, which are directly or indirectly involved in
cellular and subcellular Ca®>" handling, have to be in-
cluded in further models as they might play an impor-
tant role in ECRE modulation. These demands also
require new and effective concepts for sophisticated
spatio-temporal mathematical models, including the
possibility of solving differential equations on the exact
cellular and sub-cellular 3-D topology and methods of
scale transitions from molecular processes in the ang-
strom and femtosecond range to the cellular responses in
the micrometer and millisecond range.

For the necessary combined experimental and math-
ematical modelling concept, skinned muscle fibre prep-
arations can help to elucidate the mechanisms involved
in the complex mechanism of mammalian ECRE
generation, since the direct diffusional access to the
myoplasm allows studies under strictly controlled in-
tracellular conditions.
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