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ABSTRACT This paper extends the model for Ca movement in the cardiac ventricular cell from the diadic cleft space to the
entire sarcomere. The model predicts the following: 1) Shortly after SR release there is a [Ca] gradient .3 orders of magnitude
from cleft center to M-line which, 50 ms after release, is still .30. Outside the cleft, 40 ms after cessation of release, the axial
gradient from Z to M-line is .3. 2) At the end of SR release, .50% of the total Ca released is bound to low-affinity inner
sarcolemmal phospholipid binding sites within the cleft. 3) Halving the SR release almost doubles the fraction of release
removed from the cell via Na/Ca exchange and reduces average sarcomeric free [Ca] by 70%. 4) Adding 100 mM fluo-3, which
doubles the buffering capacity of the cytoplasm, reduces peak average sarcomeric [Ca] by .50% and increases the initial
half-time for [Ca] decrease by approximately twofold. 5) A typical Ca “spark” can be generated by an SR release 20% of
maximum (4 3 10220 moles) over 2 ms. Fluo-3 (100 mM) significantly “shrinks” the spark. 6) The “spark” is a consequence
of elementary events within the diadic cleft space. For example, removal of cleft binding sites would cause average
sarcomeric Ca to increase by .10 fold, fall 10 times more rapidly, decrease latency for appearance of the spark by .20 times,
and reduce spark duration by 85%. 7) Dividing SR Ca release between cleft and corbular SR produces a secondary [Ca] peak
and a “flattening” of the sarcomeric [Ca] transient. These changes probably could not be resolved with current confocal
microscopic techniques.

INTRODUCTION

We have previously modeled (Peskoff et al., 1992; Langer
and Peskoff, 1996) the diffusion and binding of Ca in the
region of the cell between the lateral cistern of the sarco-
plasmic reticulum (SR) and the inner sarcolemmal (SL)
membrane in cardiac ventricular cells. We have designated
this region the “diadic cleft.” In the earlier model, Ca is
assumed to enter the diadic cleft from the SR “feet,” from
the Ca channel and/or via “reverse” Na/Ca exchange. Sub-
sequently, most of this Ca diffuses from the cleft to the
sarcoplasm, with a small fraction transported from the cell
by Na/Ca exchange. Both components are markedly af-
fected by Ca binding on the inner sarcolemmal surface (Post
and Langer, 1992; Peskoff et al., 1992; Langer and Peskoff,
1996). In the computation, the boundary condition at the
outer border of the cleft was assumed fixed at 100 nM. This
did not introduce any significant error because the much
higher, millimolar values of [Ca] that were predicted in the
interior of the cleft were insensitive to the [Ca] assumed at
the boundary, as long as it was small compared to the
computed [Ca] inside the cleft.

In the present paper, we extend the model beyond the
cleft into the remainder of the sarcomere, where [Ca] is in
the micromolar range. The [Ca] at the cleft border, along
with the [Ca] beyond the border in the sarcomere outside the
cleft, now must be computed. The fixed 100 nM boundary

condition of the earlier model is replaced by the condition
that the [Ca] is continuous across the border, and the Ca flux
leaving the cleft equals the Ca flux entering the region of the
sarcomere beyond the cleft. Except for this change in the
boundary condition, the region inside the cleft, assumed to
have the idealized shape of a circular disk of 200 nm radius,
is modeled as earlier. The one-half sarcomere is assumed to
be a circular cylinder of 500-nm radius, 1000 nm length
(Z-line to M-line), with the cleft disk located coaxially at the
Z-line. In the region outside the cleft it is assumed that the
magnitude of the Ca diffusion coefficient is between that of
free solution and that in the cleft. Outside the cleft, the
diffusion equation is coupled to the kinetic equations for
binding to calmodulin and troponin, and when present, to
the fluorescent dye fluo-3, using experimental values for the
forward and backward rate constants. Inside the cleft, as
earlier, we treat the binding reactions as instantaneous. We
assume zero flux leaving the sarcomere through its ends or
its cylindrical surface. Reuptake by the longitudinal SR is
assumed to occur just inside the cylindrical surface of the
sarcomere.

The computed spatial and temporal distribution of Ca
allows us to relate an observed Ca distribution in the sar-
comere to a particular source within the cleft. We also relate
[Ca] measurements using fluorescent dyes to the condition
without dye. We find that the concentrations predicted by
the computation, particularly close to the border of the cleft,
are considerably higher than have been observed. This can
be explained by the lowering of the [Ca] by the presence of
dye, the finite response time of the fluorescence, and the
limited spatial resolution of the measurements. We also gain
insight into the origin of measured Ca “sparks” by setting
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the magnitude of release by a ryanodine receptor within the
cleft to yield a response in the sarcomere resembling the
spark magnitude and configuration.

Initially we assume an SR Ca release sufficient to pro-
duce maximum force development (Fabiato, 1985). This is
2 3 10219 moles/cleft, which represents.150 mmol Ca/
liter accessible cell water. This Ca is released over 10 ms
from a source equivalent to a single ryanodine receptor
(Cheng et al., 1996) at the center of the diadic cleft space.
The subsequent Ca concentration, [Ca], is followed inside
the cleft and in both radial and axial directions over the
half-sarcomere (0.5mm radius; 1mm to the M-line) for 200
ms. In addition, we take simultaneous “snapshots” of free
[Ca] and total Ca as it exists in the sarcomere at selected
times (5, 10, 20, 50 ms) after release. These “snapshots” are
three-dimensional representations of intrasarcomere [Ca],
as might be revealed by high-speed digital imaging micros-
copy (Isenberg et al., 1996). We then calculate the percent-
age of SR Ca release that diffuses to the cytoplasm from the
cleft; is exchanged via Na/Ca exchange, and is free and
bound in the cleft over the 200 ms after release. Similarly,
we also calculate the percentage of Ca entering the sar-
comere from the cleft which is free, bound to troponin and
calmodulin, and resequestered by the SR over the same time
period. All of these distributions assume a 10-ms SR Ca
release of 23 10219 moles Ca at the cleft center. We then
reduce the 10-ms release by 50% to 13 10219 moles which,
according to Fabiato (1985), would produce about 30%
maximum force. We illustrate the effect of this reduction on
[Ca] in the radial and axial directions and on the instanta-
neous intrasarcomeric distribution, as previously.

Finally, we examine a number of special cases: 1) the
effect of adding 100mM fluo-3 (Minta et al., 1989; Kao et
al., 1989) on the sarcomeric [Ca] profile; 2) the [Ca] profile
in the cleft and sarcomere after a 1-ms 0.3 pA Ca entry into
the cleft center from a Ca channel (this is a revision of
Langer and Peskoff, 1996); 3) SR Ca release of an amount
(4 3 10220 moles) and duration (2 ms) predicted to produce
a sarcomeric “Ca spark” (Santana et al., 1996; Cheng et al.,
1996) in both the absence and presence of fluo-3 (the [Ca]
profiles in the cleft and sarcomere are followed for 50 ms
after the time of release); 4) the effect on the cleft and
sarcomeric [Ca] profiles of dividing 23 10219 moles Ca
release equally between cleft center and corbular SR (CSR)
placed at the sarcomere outer boundary at an axial distance
400 nm from the cleft (Jorgensen et al., 1985; Dolber and
Sommer, 1984).

MATHEMATICAL MODEL

Geometry of the sarcomere

The “diadic cleft” is the narrow region between the lateral
cistern of the sarcoplasmic reticulum (SR) and the inner
sarcolemmal membrane (SL) of a cardiac cell. It contains
“L” Ca channels, through which Ca enters from the inter-
stitium, and the “feet” of the SR, from which Ca is released.

The feet occupy about two-thirds of the volume of the cleft
(Wibo et al., 1991; Langer and Peskoff, 1996). The SL
contains Ca-binding sites of both low and high affinity (Post
and Langer, 1992) and Na/Ca exchangers (Frank et al.,
1992). In the present paper we extend our earlier model for
Ca movement inside the diadic cleft to compute the [Ca] as
it varies with position and time not only inside the cleft, but
also on the boundary of the cleft, and in the remainder of the
sarcomere outside the cleft. We use cylindrical coordinates
(r, z) with the plane of the Z-line atz 5 0 (Fig. 1). There is
a half-sarcomere extending from the Z-line to an adjacent
M-line, and its mirror image (not shown in Fig. 1) is
extending to the M-line in the opposite direction. Ca dif-
fusing out of the cleft splits equally between the two half-
sarcomeres. The half-sarcomere is modeled as a circular
cylinder of radiusb 5 0.5 mm and lengthl 5 1.0 mm. The
cleft, which is modeled as earlier (Langer and Peskoff,
1996), as a circular disk of radiusa 5 0.2mm and thickness
h 5 12 nm, is located at a Z-line with its center at (r, z) 5
(0, 0), coaxial with the sarcomere.

The cleft is actually wrapped around a T-tubule and is
irregular in shape; in the model it is assumed to be flattened
into a circular disc of uniform thickness straddling the plane
of the Z-line. We limit our consideration to rotationally
symmetrical cases (independent of the azimuthal angle).
Because diffusion across the transverse dimensiona of the
cleft is orders of magnitude slower than diffusion across the
longitudinal dimensionh (partly becauseh ,, a and partly

FIGURE 1 Geometry of the model, showing one-half of a sarcomere
extending from a Z-line to an adjacent M-line. The position in the sar-
comere is expressed in cylindrical coordinates (r, z), with the plane of the
Z-line defined asz 5 0. The half-sarcomere is modeled as a circular
cylinder of radiusb 5 0.5mm and lengthl 5 1.0mm; the cleft is modeled
as a coaxial circular disk of radiusa 5 0.2 mm and thicknessh 5 12 nm,
with its center at (r, z) 5 (0, 0). The eight points shown in thez 5 0 plane
at differing radial locations (four points inside the cleft, one point on the
cleft boundary, and three points outside the cleft) and the five points shown
at r 5 a 5 200 nm at differing axial locations are points at which graphs
of [Ca] versus time will be shown. The shaded plane is the surface over
which 3-D snapshots of the spatial distribution of [Ca] in the sarcomere
outside the cleft will be shown.
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because of the slowing of Ca movement in ther-direction
by the presence of the SL binding sites), it is permissible to
ignore thez-dependence and consider [Ca] within the cleft
to be dependent only on the radial coordinate,r, and time,
t. Outside the cleft it depends onr, z, andt.

The region of the sarcomere outside the cleft is modeled
as a homogeneous medium with an effective diffusion co-
efficient lower than in free aqueous solution, but higher than
in the cleft. Beyond lowering of the effective diffusion
coefficient, the specific effects of geometric obstructions to
Ca movement, for example, the mitochondria, are ignored.
In particular, the volume occupied by the cleft itself, which
extends 6 nm into each half of the sarcomere, is ignored, so
that, for uzu , 6 nm and 0# r # 200 nm, there is one value
of [Ca] inside the cleft, denotedU(r, t), and one value
outside the cleft, denotedC0(r, z, t).

For the finite-difference computation, the region inside
the cleft is divided into 80 annular elements. The continuous
radial variabler is replaced by the discrete variabler i 5
iDrcleft, with 0 # i # 80 andDrcleft 5 2.5 nm. The region
outside the cleft is divided into 20 annular elements in the
radial direction and 40 slices in the axial direction. Outside
the cleft the continuous variablesr and z are replaced by
r j 5 j Dr andzk 5 k Dz, respectively, with 0# j # 20, 0#
k # 40, andDr 5 Dz 5 25 nm.

Diffusion and binding in the diadic cleft

The [Ca] inside the cleft,U(r, t), satisfies the nonlinear
partial differential equation (Peskoff et al., 1992; Langer
and Peskoff, 1996)

@1 1 N1K1/$h~K1 1 U!2% 1 N2K2/$h~K2 1 U!2%# 3 ­U/­t

5 ~Dcleft/r!~­/­r!~r­U/­r! 1 ~JSR 1 Jchnl 1 Jxch!/h
(1)

In Eq. 1, the second and third terms in square brackets
times­U/­t are the number of moles of Ca per unit time per
unit volume released from low- and high-affinity binding
sites on the sarcolemmal surface. This is obtained by as-
suming that the bound Ca is in instantaneous equilibrium
with the free Ca in the cleft, with the number of moles of
bound Ca per unit volume given by

Ubnd~r, t! 5 @N1U/~K1 1 U! 1 N2U/~K2 1 U!#/h (2)

where N1 and N2 are the number of moles of low- and
high-affinity sites per unit area andK1 and K2 are the
dissociation constants of the low- and high-affinity sites
(Table 1).

Dcleft, the diffusion coefficient inside the cleft, is assumed
to be 0.1 mm2/ms, about one-sixth of the free aqueous
diffusion coefficient (Langer and Peskoff, 1996). This re-
duction includes the effect of obstruction (Crank, 1975) to
Ca movement by the feet of the SR, which occupy about
two-thirds of the volume of the cleft.

JSR is the Ca flux density into the cleft from the SR. We
compute [Ca] as a function of position and time for two Ca
inputs to the cleft from the SR: for a 10-ms pulse of
magnitude corresponding to the SR release for near-maxi-
mum force and for an SR release of half that amount. We
limit our consideration to cases where there is no azimuthal
angular dependence, and assume that the spatial distribution
of the Ca source is constant over the area of a 20-nm-radius
circle coaxial with the sarcomere and cleft. A single Ryan-
odine receptor is approximately a 293 29 nm square
(Radermacher et al., 1994).

The amount of Ca released to achieve near-maximum
force is 2 3 10219 per cleft for each contraction cycle
(Fabiato, 1985). This amount is assumed to be released
uniformly over an idealized radial cross section of 20 nm at
a constant rate, starting att 5 0 and ending att 5 10 ms. In
terms of current, this is 3.86 pA per cleft for 10 ms or, in
terms of number of Ca ions, a total release of 125,000 ions
per cleft.

The flux density for the release from the SR in Eq. 1,
therefore, is

JSR~r, t! 5 HISR/pq2,

0,

0 # r # q and 0# t # tSR

q , r # a or t $ tSR

(3)

whereISR 5 2 3 10220 or 1 3 10220 moles/ms in the two
examples we will consider, andq 5 20 nm andtSR 5 10
ms.

Jchnl is the Ca flux density into the cleft from a Ca
channel. We assume a 1-ms pulse corresponding to the Ca
current from a single Ca channel. The radial extent of the Ca
channel source is taken to be the minimum amount possible
in the computation, covering the central,i 5 0 element,
which extends from the cleft center to a radius one-half of
the 2.5-nm radial step size within the cleft, or 1.25 nm. This

TABLE 1 Rate constants, dissociation constants, and buffer concentrations

k1 (mM21 ms21) k2 (ms21) Kd (mM) Concentration (mM)

Cleft low-affinity sites* — — 1.1 165
Cleft high-affinity sites* — — 0.013 13
Calmodulin# 100 0.038 0.383 1023 0.024
Troponin# 39 0.02 0.513 1023 0.07
Fluo-3§ 230 0.17 0.743 1023 0.1

* Post and Langer (1992). Concentration in mmoles/liter ofcleft volume.
# Sipido and Wier (1991). Concentration in mmoles/liter ofsarcomerevolume.
§ Escobar, et al. (1995). Concentration in mmoles/liter ofsarcomerevolume.
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is much greater than the actual channel radius, so that the
computation will yield a [Ca] much less than the actual [Ca]
at distances less than 1.25 nm from the channel. The flux
density for influx from the Ca channel is then

Jchnl~r, t! 5 HIchnl/pp2,

0,

0 # r # p and 0# t # tchnl

p , r # a or t $ tchnl

(4)

whereIchnl 5 0.3 pA, p 5 1.25 nm, andtchnl 5 1 ms.
Jxch is the inward Ca flux density for the Na/Ca ex-

changer (negative for the exchanger operating in the “for-
ward” direction with an outward Ca flux). We estimate 100
Na/Ca exchangers per cleft (Langer and Peskoff, 1996) or
Nxch 5 100/(pa2 3 Avogadro’s number) moles per unit
area. We take a saturation value ofVxch 5 1.5 cycles/ms.
This is the value measured by Matsuoka and Hilgemann
(1992), at260 mV membrane, which is the mean trans-
membrane potential for a rat ventricular myocyte over a
200-ms time interval starting at the initiation of the action
potential (Schanten and ter Keurs, 1985). A reversal con-
centration,Urev 5 100 nM, is introduced to prevent the
continual extrusion of Ca from the cleft at Ca concentrations
less than 100 nM. The Ca flux density through the Na/Ca
exchanger is then given by

Jxch~r, t! 5 2NxchVxch~U 2 Urev!/~Kxch 1 U! (5)

with Kxch 5 5 m M (Matsuoka and Hilgemann, 1992).

Diffusion, buffering, and reuptake in the
sarcomere outside the cleft

Diffusion outside the cleft occurs with a diffusion coeffi-
cient assumed to be 0.3mm2/ms, about half of the free
aqueous diffusion coefficient (three times the coefficient
assumed in the cleft). In the region of the sarcomere outside
the cleft, we consider the effect of binding to fixed buffers
calmodulin and troponin, using experimental values for
their forward and backward rate constants and concentra-
tions (Table 1). We also consider the effect of additional
buffer, specifically the fluorescent dye fluo-3 (Minta et al.,
1989; Kao et al., 1989). For simplicity, we model fluo-3 as
being fixed. The effect of ignoring its mobility is to increase
the computed peak [Ca] to some degree (Smith et al., 1996;
Nowycky and Pinter, 1993). Completing the passage of Ca
through the sarcomere, the model includes reuptake of the
Ca by the longitudinal SR, assumed to be located just inside
the outer cylindrical surface of the sarcomere. The diffusion
equation and the three coupled kinetic equations for Ca
buffering are

­C0/­t 5 Dsarc@~1/r!~­/­r!~r­C0/­r! 1 ­2C0/­z2# 1 Scleft

1 Sreup1 Scorb 2 ­C1/­t 2 ­C2/­t 2 ­C3/­t
(6)

­C1/­t 5 k11C0~B1 2 C1! 2 k12C1 (7a)

­C2/­t 5 k21C0~B2 2 C2! 2 k22C2 (7b)

­C3/­t 5 k31C0~B3 2 C3! 2 k32C3 (7c)

C0(r, z, t) is the concentration of free Ca.Dsarc 5 0.3
mm2/ms is the diffusion coefficient in the sarcomere outside
the cleft. C1(r, z, t), C2(r, z, t), and C3(r, z, t) are the
concentrations of Ca bound to calmodulin, troponin, and
fluo-3, respectively.B1, k11, k12, B2, k21, k22, B3, k31, and
k32 are the total concentration and forward and backward
rate constants for calmodulin, troponin, and fluo-3, respec-
tively (Table 1).

The numerical computations of [Ca] within the cleft,U(r,
t), and [Ca] in the sarcoplasm beyond the cleft,C0(r, z, t),
are coupled in the following way: the Ca flux across the
cleft boundary atr 5 a, driven by the concentration gradient
just inside the cleft boundary, is the source of Ca for the
sarcomere outside the cleft, and the [Ca] is continuous
acrossr 5 a.

The Ca flux leaving the cleft atr 5 a is 2 Dcleft

(­U/­r)ur5a 3 2pah. This is assumed to reappear in the
sarcomere outside the cleft distributed uniformly over the
volume element at (r, z) 5 (a, 0) (extending into both halves
of the sarcomere) of volume 2pa Dr Dz, so that the source
term in Eq. 6 from the flux exiting the cleft is

Scleft

5 5
2Dcleft~­U/­r!ur5ah/~Dr Dz!,

a 2 Dr/2 # r # a 1 Dr/2, 2Dz/2 # z# Dz/2

0, otherwise
(8)

The condition for continuity of [Ca] atr 5 a is

C0~a, 0, t! 5 U~a, t! (9)

It is assumed that just inside the outerr 5 b cylindrical
surface of the sarcomere, reuptake of Ca by the longitudinal
SR occurs such that

Sreup

5 H2~Vreup/2pblDr!~C0 2 C0rev!/~Kreup1 C0!,
b 2 Dr/2 # r # b, 2l # z# l

0, otherwise
(10)

The value we use for the maximum reuptake rate of the SR
is Vreup 5 7.5 3 10221 moles/ms/sarcomere. The justifica-
tion for this value is that it is a value which approximately
balances the release and reuptake of Ca by the SR in a single
contraction cycle. Also, it is essentially the same value used
in the model of Luo and Rudy (1994). This is;30 times the
levels measured in vitro (Levitsky, 1981), but is probably a
reasonable extrapolation to in vivo operation (MacLennon,
personal communication). We use the valuesC0rev 5 100
nM andKreup 5 1 mM in Eq. 10.

Scorb is the source term in Eq. 6 for release from the
corbular SR (CSR). The CSR is placed on the cylindrical
surface of the sarcomere an axial distance 40% of the
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distance from the Z-line to the M-line (Dolber and Sommer,
1984). The axial extent of the release channel is taken to be
2Dz 5 50 nm, and the radial extent to beDr/2 5 12.5 nm.
In the case where we include CSR release, we assume the
junctional SR (JSR) and the CSR each release half the
maximum force release amount, with the CSR release oc-
curring during the 10-ms period immediately after the JSR
release period. Thus

Scorb

5 5ISR/~2pbDrDz!,

0,

b 2 Dr/2 # r # b,
0.4 l 2 Dz# z# 0.4 l 1 Dz,
tSR # t # tSR 1 tCSR

otherwise
(11)

whereISR 5 1 3 10220 moles/ms andtCSR 5 10 ms.

Boundary and initial conditions

The boundary condition at the cylindrical surface of the
sarcomere is such that no Ca passes through the surface.
This boundary condition assumes that the same sequence of
events is occurring in adjacent sarcomeres (Isenberg et al.,
1996), so that the flux to adjacent sarcomeres is balanced by
the flux from them. The half-sarcomere with its cleft is
considered the functional unit of the cell, which is com-
posed of many identical units. Similarly, there is no net flux
in the axial direction at the two ends (M-lines) of the
sarcomere, and by symmetry between the two halves of the
sarcomere on either side of the Z-line, the same is true in the
axial direction at the Z-line:

~­C0/­r!ur5b 5 ~­C0/­z!uz50 5 ~­C0/­z!uz5l 5 0 (12)

At t 5 0 the free [Ca] everywhere is assumed to be 100 nM
and the binding sites on the inner surface of the sarcolemma
and the calmodulin and troponin in the sarcomere are as-
sumed to be in equilibrium with the free Ca:

U~r, 0! 5 C0~r, z, 0! 5 100 nM (13)

Numerical methods

Equation 1 for [Ca] inside the cleft is solved numerically
using the explicit four-point finite-difference scheme with
variable forward time steps,Dtcleft, described in Peskoff et
al. (1992). In this numerical procedure,U(r i, t 1 Dtcleft) is
computed fromU(r i21, t), U(r i, t) andU(r i11, t). The bound-
ary condition atr 5 a, which previously wasU(a, t) 5 100
nM, now is replaced by Eqs. 8 and 9. This allowsU(a, t) to
vary to satisfy the conditions across ther 5 a border
between the cleft and the sarcomere outside the cleft. For
stability of the numerical computation, the condition that we
use for the size of the variable time step inside the cleft,

Dtcleft, is

Dtcleft # 0.4~Drcleft!
2@1 1 N1K1/$h~K1 1 U~0, t!!2%

1 N2K2/$h~K2 1 U~0, t!!2%#/Dcleft

(14)

where we use the value ofU at r 5 0 because it is the
location whereU has its maximum value for all of the
centrally positioned sources that we consider. WhenU(0, t)
5 0.1mM, Eq. 14 requiresDtcleft # 28 ms. WhenU(0, t) 5
7 mM, the maximum concentration we will encounter, it
requires a much smaller value,Dtcleft # 0.09 ms.

The coupled Eqs. 6 and 7a, b, and c for [Ca] outside the
cleft are solved numerically using a six-point explicit finite-
difference scheme, with fixed forward time steps,Dt. In this
numerical procedure,C0(r j, zk, t 1 Dt) is computed from
C0(r j21, zk, t), C0(r j, zk21, t), C0(r j, zk, t), C0(r j, zk11, t), and
C0(r j11, zk, t). For stability of this numerical procedure
outside the cleft, we take

Dt 5 0.2~Dz!2/Dsarc5 0.4167ms (15)

When Eqs. 14 and 15 yieldDtcleft . Dt, we takeDtcleft 5 Dt.
This is the case forU(0, t) less than;2 mM.

The computation begins in the cleft att 5 0, with U(r, 0)
given by the initial condition of Eq. 13 and, therefore, with
Dtcleft 5 Dt 5 0.4167ms. The numerical solution of Eq. 1
over the first time step yieldsU(r, Dt). The Ca that has
diffused across ther 5 a border during the interval 0, t ,
Dt is computed from Eq. 8, using a second-order approxi-
mation of (­U/­r)ur5a. Next, the computation of diffusion,
buffering, and reuptake by the SR in the region outside the
cleft (Eqs. 6, 7, and 10) is done for the interval 0, t , Dt.
Finally, the Ca that diffused across ther 5 a border during
the 0, t , Dt interval is added to the Ca in the first volume
element in the region outside the cleft:a 2 Dr/2 , r , a 1
Dr/2, 2Dz/2 , z , Dz/2. The [Ca] in this element,C0(a, 0,
Dt), is adjusted to account for the added Ca, and the [Ca] on
the cleft side of ther 5 a border,U(a, Dt), is changed so
that it equals the adjustedC0(a, 0, Dt) (Eq. 8). The same
procedure is then repeated for successiveDt intervals.

WhenU(0, t) increases to the level for which Eqs. 14 and
15 requireDtcleft , Dt, the computation in the cleft is done
a number of times in succession until the sum of theDtcleft

increments exceedsDt. The lastDtcleft increment is then
adjusted downward, so that the sum of theDtcleft increments
equalsDt, and the last computation inside the cleft within
thatDt interval is done. During all of theDtcleft subintervals
of this singleDt interval, the boundary condition atr 5 a is
kept fixed, and the cumulative Ca that has diffused across
the r 5 a border during theDt interval is computed. Next,
the computation of diffusion, buffering, and reuptake by the
SR in the region outside the cleft is done for the sameDt
interval; the Ca that diffused across ther 5 a border during
theDt interval is added to the Ca in the first volume element
in the region outside the cleft;C0(a, 0, t) is adjusted accord-
ingly, andU(a, t) is changed to equal the adjustedC0(a, 0,
t). The same procedure is then repeated for successiveDt
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intervals. When the [Ca] drops below;2 mM, the compu-
tation reverts to the procedure withDtcleft 5 Dt.

A Fortran 90 program has been written to implement this
numerical procedure. The run time on a Dell Pentium Pro
200 MHz PC is;15 min for a 200-ms Ca transient.

RESULTS

Ca concentration after JSR release

For the computations illustrated in this section, Ca is as-
sumed to be released from a single ryanodine receptor
located at the center of the circular cleft. According to Eq.
3, the idealized receptor is assumed to release Ca distributed
uniformly over a small circular area. This simplifying as-
sumption is made so that the resulting Ca distribution is
independent of the azimuthal angle, depending only on the
radial and axial variables,r and z. Electron micrographs
reveal the ryanodine receptor to be roughly square in cross
section, with a side of;29 nm, separated from adjacent
receptors by;7 nm (Langer and Peskoff, 1996; Wibo et al.,
1991). In Eq. 3, we idealize the cross section of the receptor
by a circle of radius 20 nm.

The maximum [Ca] attained inside the cleft in the imme-
diate vicinity of the receptor increases as the radius of the
receptor cross section decreases. However, some distance
away at the outer boundary of the cleft, and everywhere
outside the cleft, the computed concentration is found to be
independent of the assumed receptor radius. For example,
we have run the computation for a centrally located cluster
of four receptors (40-nm radius) and nine receptors (60-nm
radius). We found essentially no difference in the [Ca]
outside the cleft compared to the results illustrated below
for the case of a 20-nm receptor release radius, but signif-
icantly higher concentrations near the center of the cleft
when the source is more concentrated. From these results,
we can also expect that replacing the actual release from
discrete points within an approximately square cross sec-
tion, with uniform release over a circular cross section is
inconsequential, except perhaps in the immediate vicinity of
the receptor. In our previous paper modeling the cleft
(Langer and Peskoff, 1996), we assumed that the radius of
the SR release area was equal to the radius of the cleft, i.e.,
all ryanodine receptors in the cleft were releasing Ca simul-
taneously. The present assumption of a single active recep-
tor (or perhaps several) leads to a more reasonable value of
current from an individual receptor.

JSR release: 2 3 10219 moles

Fig. 2 A is a graph of the free [Ca] at eight radial locations
in the Z-line plane: four points inside the cleft, one point on
the border between the cleft and the rest of the sarcomere
outside the cleft, and three points in the sarcomere outside
the cleft. These are the points shown in Fig. 1 along the
radial line in the Z-line plane, from the axis to the outer
radius of the sarcomere. Fig. 2B shows the first 20 ms of

Fig. 2 A, on a 10-fold expanded time scale. Fig. 2C is a
three-dimensional picture of the same information as in Fig.
2 A, shown at 41 uniformly spaced (Dt 5 5 ms) times from
t 5 0 to t 5 200 ms and at 21 uniformly spaced (Dr 5 25
nm) positions fromr 5 0 to r 5 500 nm along the radial line
in the Z-line plane. The shaded portion of the graphs rep-
resents the interior of the cleft; the unshaded portion repre-
sents the general sarcomere, outside the cleft. Note that,
except for theDr 5 25 nm increments outside the cleft, the
Dr andDt increments in the graph in Fig. 2C are larger than
those used in the numerical computation. In the computa-
tion, Dr 5 2.5 nm inside the cleft is one-tenth of the value
in the graph. In the computation outside the cleftDt 5
0.4167ms, and inside the cleftDt # 0.4167ms, which are
less than 1024 times theDt 5 5 ms time increments in the
graph.

The graphs show that the [Ca] rises rapidly from its initial
value of 0.1mM at t 5 0, and reaches a peak value of 7.4
mM at the center of the cleft (r 5 0) at the end of the release
period (t 5 10 ms). Aftert 5 10 ms, at which time the SR
release ceases, the concentration begins to fall rapidly at the
center of the cleft. Meanwhile, at the periphery of the cleft
(r 5 a 5 200 nm) there is a delay, and the rise begins at
aboutt 5 3.5 ms and reaches a peak value of 42.6mM at t 5
10.7 ms, followed by a more gradual fall than at the central
release site. Further out radially in the general sarcomere,
the delay increases somewhat and the peak concentration
decreases. At the outer limit of the sarcomere (r 5 b 5 500
nm), the rise begins at;4.0 ms and peaks at a concentration
of 5.6 mM at t 5 11.8 ms. The concentration everywhere
returns to a value close to the initial value of 100 nM after
;200 ms.

The return to 100 nM and the speed of return is governed
to a large extent by four parameters in the model: the
saturation rate and reversal concentration of the sodium-Ca
exchanger, and the rate and reversal concentration of the SR
reuptake. The saturation rate of the exchanger is an exper-
imentally derived parameter (Matsuoka and Hilgemann,
1992). The concentration at which the exchanger reverses
depends on the intra- and extracellular sodium concentra-
tions and the membrane potential, all of which vary during
the course of an action potential. We do assume, however,
that reversal occurs at 100 nM and, at this point, ignore its
voltage and concentration dependence. This seems a rea-
sonable assumption at;200 ms, when the membrane po-
tential is about290 mV and the computed [Ca] within the
cleft is approaching 100 nM. This modification in the
model, compared to our earlier model (Langer and Peskoff,
1996), prevents the exchanger from continuing to extrude
Ca from the cleft when it should be acting in “reverse,” and
thereby prevents the concentration inside the cleft from
falling to unphysiological concentrations less than 100 nM.

The two reuptake parameters were selected somewhat
arbitrarily to force the return to 100 nM in a time interval of
;200 ms. In the absence of SR release, the reuptake must
stop at some level, which we take to be 100 nM, to prevent
the [Ca] from dropping to a nonphysiological level. Equa-
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tion 10, governing the reuptake process, is obviously a
simplification of the actual process, which is outside the
scope of the present model, but we would not expect this
simplification to have any serious impact on the computed
intracellular concentrations.

Fig. 3A shows graphs of the time dependence of free [Ca]
at five points equally spaced between the Z-line and the
M-line along a line parallel to the sarcomere axis at a
distance from the axis equal to the cleft radius, shown in
Fig. 1. The uppermost curve is the variation at the boundary
of the cleft, and is a repeat of that curve in Fig. 2B for the
same point, which peaks at 43mM. The middle solid curve
at (r, z) 5 (200 nm, 500 nm) is almost identical to the
bottom curve in Fig. 2A for (r, z) 5 (500 nm, 0 nm). It
reaches a peak value of 5.4mM at t 5 12 ms. The bottom
curve in Fig. 3A at (r, z) 5 (200 nm, 1000 nm) at the M-line
has a peak of 1.8mM at t 5 13 ms. Also shown, in the

FIGURE 2 [Ca] for an SR release of 23 10219 moles. (A) [Ca] versus
t at the eight points in thez 5 0 plane shown in Fig. 1. (B) The first 20 ms
of A on a 10-fold expanded time scale. (C) Three-dimensional picture of
the same information as inA, shown at 41 uniformly spaced times (Dt 5
5 ms) and at 21 uniformly spaced positions (Dr 5 25 nm) along a radial
line (0 # r # 500 nm) in thez5 0 plane. The shaded portion of the graphs
represents the interior of the cleft; the unshaded portion represents the
sarcomere outside the cleft.

FIGURE 3 [Ca] for an SR release of 23 10219 moles. (A) [Ca] versus
t at the five axially spaced points atr 5 a 5 200 nm shown in Fig. 1. The
uppermost curve is of [Ca] at the boundary of the cleft, and is the same as
the curve in Fig. 2B for the same point. The dashed curve is the average
of the [Ca] over the volume of the sarcomere outside the cleft. (B) The first
20 ms inA on a 10-fold expanded time scale.
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dashed curve, is the average of the [Ca] over the volume of
the sarcomere outside the cleft. It peaks at 6.5mM at t 5
11.5 ms. Thus the average concentration is approximately
one-sixth of the maximum concentration that the model
predicts at the boundary between the cleft and the rest of the
sarcomere and indicates the magnitude of the intrasarcom-

eric Ca gradient. Fig. 3B shows the first 20 ms in Fig. 3A
on a 10-fold expanded time scale.

Fig. 4 A shows four “snapshots” of the free [Ca] in the
sarcomere outside the cleft att 5 5, 10, 20, and 50 ms, as
a function of radial and axial position in the shaded plane
pictured in Fig. 1. Note that the portion of the curves at

FIGURE 4 [Ca] for an SR release of 23 10219

moles. (A) Four snapshots of the free [Ca] in the
sarcomere outside the cleft att 5 5, 10, 20, and 50 ms,
as a function of radial and axial position in the shaded
plane pictured in Fig. 1. Note that the portion of the
curves atz 5 0 from r 5 0 to r 5 a 5 200 nm are of
[Ca] in the Z-line plane, outside the cleft, unlike the
shaded portions of Figs. 2A–C, which are of [Ca]
inside the cleft (see text: Geometry of the Model). (B)
The same as inA, but for total [Ca] (i.e., the sum of
free Ca and Ca bound to troponin and calmodulin).
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z 5 0 from r 5 0 to r 5 0.2 mm are in the Z-line plane,
outside the cleft, unlike the shaded portions of Fig. 2,
A–C, from r 5 0 to r 5 0.2 mm, which are inside the
cleft.

Again, the peak concentration is seen to occur at the
boundary point between the cleft and the general sarcomere,
falling off fairly rapidly in any direction away from that
point, and diminishing as time progresses. At 20 and 50 ms,
an approximately parabolic radial distribution has devel-
oped at the outer axial limit of the sarcomere, resulting from
the Ca “sink” at the location of the SR reuptake. Fig. 4B, for
the same conditions as Fig. 4A, shows the total [Ca] (i.e.,
the sum of free Ca and Ca bound to troponin and calmod-
ulin). Note that att 5 50 ms, the free [Ca] ranges between
0.2 and 0.9mM over the sarcomere, whereas total [Ca]
ranges between 40 and 70mM.

Fig. 5 A illustrates the partition of Ca ions among the
various possible states in or departed from the cleft. The
figure shows the fraction of the Ca ions, released by the SR
up to the timet, that have left the cell via the exchanger, that
have diffused radially out of the cleft and entered the
sarcoplasm, or that are still within the cleft volume either
free or bound to low- or high-affinity sites. The free and
bound fractions were obtained by integrating the free and
bound concentrations at timet, over the volume of the cleft;
the exchanged fraction was obtained by integrating the
exchanger flux density over the sarcolemmal surface of the
cleft and over the time interval from 0 tot; the diffused
fraction was obtained by integrating the diffusional flux
density, the product of the diffusion coefficient and the
radial [Ca] gradient atr 5 a 5 200 nm, over the circum-
ferential boundary of the cleft and over the time interval
from 0 to t. All amounts are normalized with respect to the
total SR release during the time interval 0–10 ms and
multiplied by 100%.

At any instant the sum of all fractions equals the percent-
age of the total SR Ca that has been released up to that
instant, which equals 100% after the release is over att 5
10 ms. At the end of the SR release (t 5 10 ms),;55% of
the Ca is bound to low-affinity sites, 9% is bound to
high-affinity sites, 34% has diffused out of the cleft into the
general sarcoplasm, 1% has been removed by the ex-
changer, and 1% is free in the cleft. Att 5 60 ms,;91% of
the Ca has diffused to the sarcoplasm, 6% has been ex-
changed, 2.7% is bound to the high-affinity sites, 0.6% is
bound to the low-affinity sites, and 0.004% is free in the
cleft. At t 5 200 ms, 92% of the Ca has diffused to the
general sarcoplasm, and 8% has been transported out
through the exchanger.

In Fig. 5 B we have integrated over the volume of the
general sarcomere outside the cleft to get the fraction of Ca
ions released from the SR, up to the timet, that are free in
the general sarcomere outside the cleft, that are bound to
troponin or calmodulin, or that have diffused to the cylin-
drical boundary of the sarcoplasm,r 5 500 nm, and have
been taken up by the SR. The amounts are again normalized
with respect to the total SR release. At any instant the sum

of the fractions equals the percentage of the total 10-ms-
long SR release that has diffused out of the cleft up to that
instant. At the end of the SR release (t 5 10 ms),;13.9%
of the released Ca is bound to troponin, 7.4% is bound to
calmodulin, 8.3% has diffused to the cylindrical boundary
of the sarcomere and been taken up by the SR, and 4.0% is
free in the sarcoplasm. Att 5 60 ms,;19% of the Ca is

FIGURE 5 (A) The partition of Ca ions among the various possible
states in or departed from the cleft: the fraction of the Ca ions released by
the SR up to the timet that have left the cell via the Na-Ca exchanger, that
have diffused radially out of the cleft and entered the sarcoplasm, or that
are still within the cleft volume either free, or bound to low- or high-
affinity sites. All amounts are normalized with respect to the total SR
release and multiplied by 100%. Note that att 5 200 ms, 92% of the Ca
has diffused to the general sarcoplasm and 8% has been transported out
through the exchanger. (B) The fraction of Ca ions released from the SR up
to the timet that are free in the sarcomere outside the cleft, that are bound
to troponin or calmodulin, or that have diffused to the cylindrical boundary
of the sarcoplasm,r 5 b 5 500 nm, and have been taken up by the SR. At
any instant the sum of the fractions equals the percentage of the total
10-ms-long SR release that has diffused out of the cleft up to that instant.
Note that att 5 200 ms,;3% of the Ca is bound to troponin, 1% is bound
to calmodulin, 88% has been taken up by the SR, and 0.016% is free in the
sarcoplasm. The remaining 8% has exited from the cell via the Na-Ca
exchanger (seeA).
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bound to troponin, 6% is bound to calmodulin, 66% has
been taken up by the SR, and 0.15% is free in the sarco-
plasm. Att 5 200 ms,;3% of the Ca is bound to troponin,
1% is bound to calmodulin, 88% has been taken up by the
SR, and 0.016% is free in the sarcoplasm. The remaining
8% has exited from the cell via the Na/Ca exchanger (see
Fig. 5 A).

JSR release: 1 3 10219 moles

In Figs. 6 and 7, the results for an SR release of 13 10219

moles, half the amount of release in Figs. 2–5, are shown.
This amount of Ca released from the SR will produce
;30% maximum force (Fabiato, 1985). Fig. 6A shows that
[Ca] rises to a peak value of 2.5 mM at the center of the cleft
at the end of the release period. This value is less than half
the value shown above for double the release because, at
these concentrations, the buffering capacity of the low-
affinity sites is near its saturation value. At the periphery of
the cleft the rise in concentration begins after a delay of;5
ms and reaches a peak value of 13.9mM at 11.6 ms
(compared to 3.5 ms, 42.6mM, and 10.7 ms for an SR
release of 23 10219 moles). At the outer radius of the
sarcomere, the rise begins at;6 ms and peaks at;1.0 mM
at t 5 12.7 ms (compared to 4.0 ms, 5.6mM, and 11.8 ms).

Fig. 6 B illustrates the [Ca] for an SR release of 13
10219 moles at five points on a line parallel to the sarcomere
axis pictured in Fig. 1, and averaged over the sarcomere
volume. Compared to the results for a 23 10219 mole
release, the peak concentrations are generally lower by
somewhat more than a factor of 2, and the delay times for
the start of the rise in concentration and for the occurrence
of the peak are somewhat longer. Both of these effects are
attributable to the greater effectiveness of the buffers at the
lower concentrations.

Fig. 6C shows snapshots of the free [Ca], att 5 5, 10, 20,
and 50 ms, as a function of radial and axial position in the
shaded plane pictured in Fig. 1.

Fig. 7, showing the partition of Ca among the various
states outside the cleft, is a repeat of Fig. 5B for the lower
SR release of 13 10219 moles. It shows that att 5 10 ms,
;13.9% of the Ca is bound to troponin, 7.4% is bound to
calmodulin, 3.7% has diffused to the cylindrical boundary
of the sarcomere and been taken up by the SR, and 4.0% is
free in the sarcoplasm. Att 5 60 ms,;19% of the Ca is
bound to troponin, 7% is bound to calmodulin, 57% has
been taken up by the SR, and 0.16% is free in the sarco-
plasm. Att 5 200 ms,;4% of the Ca is bound to troponin,
1% is bound to calmodulin, 80% has been taken up by the
SR, and 0.02% is free in the sarcoplasm. The remaining
15% has exited from the cell via the sodium-Ca exchanger.

SPECIAL CASES

JSR release with 100 mM fluo-3 present

The computations illustrated in this section are for condi-
tions that are identical to those illustrated above for an SR

release of 23 10219 moles, except that the fluorescent dye
fluo-3 is added to the volume of the sarcoplasm outside the
cleft at a 100mM concentration.

JSR release: 2 3 10219 moles

Fig. 8 A shows the free [Ca] versus time at the five axially
spaced points shown in Fig. 1, for the same magnitude SR
release of 23 10219 moles that was present for the results
shown in Figs. 2–5.

Inside the cleft (not shown) the concentration is virtually
unchanged from the results shown in Fig. 2 in the absence
of dye, except for a small difference close to the boundary.
The concentration at the cleft boundary is shown in the
uppermost curve in Fig. 8A. It reaches its peak value of 36.8
mM at t 5 10.6 ms, a short time after cessation of the JSR
release, att 5 10 ms. In the absence of fluo-3, in Fig. 3A
the corresponding peak was somewhat higher (42.6mM)
and slightly later (t 5 10.7 ms).

Away from the cleft in the sarcomere, there is a signifi-
cant decrease in [Ca] resulting from the addition of 100mM
fluo-3. Comparing the bottom curves in the two figures, at
the M-line the peak is reduced from just under 2mM to just
under 300 nM and is much broader, occurring after an
additional delay of more than 20 ms and decaying much
more slowly. However, comparing either the middle solid
curves, which show the concentration midway between the
Z-line and M-line, or the dashed curves, which show the
concentration averaged over the volume of the sarcomere,
the 100mM fluo-3 has less but still significant effect. These
show a peak reduced by a little more than a factor of 2, and
broadened by about one-third. The changes in concentra-
tion, of course, are attributable to the fact that the amount of
buffer has been more than doubled, from 94mM troponin
plus calmodulin to 194mM troponin plus calmodulin plus
fluo-3 (Table 1).

These results predict the extent to which, in this particular
case, the use of a fluorescent dye to measure the [Ca]
reduces the [Ca] that one is measuring. This is only one
aspect of the problem introduced by a dye measurement.
The other is the question of how accurately one can estimate
free [Ca] and its time course from measurement of the
amount of Ca that is bound to the fluo-3, that is, from the
concentration of [Ca-fluo-3]. To investigate this, Fig. 8B
shows results of the computation of [Ca-fluo-3] at the five
axially spaced points illustrated in Fig. 1. Comparing the
volume average given by the dashed curve in Fig. 8B with
that in Fig. 8A indicates significant differences between the
time course of [Ca] and [Ca-fluo-3]. The [Ca] has a much
sharper peak than the [Ca-fluo-3]. The width from half-
maximum to half-maximum is;70 ms for [Ca-fluo-3],
compared to;10 ms for [Ca]. The difference varies from a
large difference between the two curves at the Z-line to two
curves almost identical in shape at the M-line. This variation
with location occurs because at the Z-line the [Ca-fluo-3] is
at 98% saturation, whereas at the M-line it is only at 27%
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FIGURE 6 [Ca] for an SR release of 13 10219

moles. (A) [Ca] versust at the eight points in thez 5
0 plane shown in Fig. 1. Compare to Fig. 2A. (B) [Ca]
versust at the five axially spaced points atr 5 a 5 200
nm, shown in Fig. 1. The dashed curve is the average
of the [Ca] over the volume of the sarcomere outside
the cleft. Compare to Fig. 3A. (C) Four snapshots of
the free [Ca] in the sarcomere outside the cleft att 5
5, 10, 20, and 50 ms, as a function of radial and axial
position in the shaded plane pictured in Fig. 1. Com-
pare to Fig. 4A for an SR release of 23 10219 moles.
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saturation and, consequently, is better able to follow the
time dependence of [Ca].

Fig. 9 illustrates the partition of Ca among the various
states within the volume of the sarcomere outside the cleft.
The conditions are identical to those in Fig. 5B, except for
the addition of the fluo-3. At the end of the SR release (t 5
10 ms),;20% of the Ca is bound to fluo-3, 5.7% is bound
to troponin, 3.3% is bound to calmodulin, 3.0% has been
taken up by the SR, and 1.6% is free in the sarcoplasm. At
t 5 60 ms,;16% of the Ca is bound to fluo-3, 16% is
bound to troponin, 5.8% is bound to calmodulin, 52% has
been taken up by the SR, and 0.2% is free in the sarcoplasm.
At t 5 200 ms,;3.1% of the Ca is bound to fluo-3, 4.3%
is bound to troponin, 1.3% is bound to calmodulin, 83% has
been taken up by the SR, and 0.03% is free in the sarco-
plasm. The remaining 8% has exited from the cell via the
sodium-Ca exchanger, the same amount that had exited via
the exchanger in the absence of fluo-3, because the fluo-3
outside the cleft has almost no influence on conditions
inside the cleft.

JSR release: 1 3 10219 moles

Fig. 10,A andB, shows the [Ca] and [Ca-fluo-3] versus time
at the five axially spaced points shown in Fig. 1, for the
same magnitude SR release of 13 10219 moles shown in
Fig. 6B. Again, the addition of fluo-3 results in a decreased
magnitude and broadened [Ca] transient and further broad-
ening of the [Ca-fluo-3] transient.

Fig. 11 shows the partition of Ca among the various states
within the sarcomere outside the cleft, averaged over the
volume. It is identical to Fig. 7, except for the addition of
the fluo-3, or to Fig. 9, except for the reduced SR release. At
the end of the SR release (t 5 10 ms),;9.4% of the Ca is

bound to fluo-3, 1.6% is bound to troponin, 1.2% is bound
to calmodulin, 0.8% has diffused to the cylindrical bound-
ary of the sarcomere and been taken up by the SR, and 0.5%
is free in the sarcoplasm. Att 5 60 ms,;18% of the Ca is
bound to fluo-3, 17% is bound to troponin, 7% is bound to
calmodulin, 41% has been taken up by the SR, and 0.19%
is free in the sarcoplasm. Att 5 200 ms,;3.6% of the Ca
is bound to fluo-3, 5.0% is bound to troponin, 1.6% is bound
to calmodulin, 75% has been taken up by the SR, and 0.03%
is free in the sarcoplasm. The remaining 15% has exited
from the cell via the sodium-Ca exchanger.

[Ca] after entry from the Ca channel

In the computations illustrated in this section, Ca is assumed
to enter via a single L-type Ca channel located at the center
of the cleft. The channel injects a 1-ms, 0.3 pA rectangular

FIGURE 7 The partition of Ca among the various states outside the cleft.
Same as Fig. 5B, but for an SR release of 13 10219 moles. Note that at
t 5 200 ms, ;4% of the Ca is bound to troponin, 1% is bound to
calmodulin, 80% has been taken up by the SR, and 0.02% is free in the
sarcoplasm. The remaining 15% has exited from the cell via the Na-Ca
exchanger.

FIGURE 8 [Ca] for an SR release of 23 10219 moles, with 100mM
fluo-3 added to the sarcoplasm. (A) [Ca] versust at the five axially spaced
points atr 5 a 5 200 nm shown in Fig. 1. The dashed curve is the average
of the [Ca] over the volume of the sarcomere outside the cleft. Compare to
Fig. 3 A for the same conditions without the added fluo-3. (B) Same as in
A, but for [Ca-fluo-3] and volume average of [Ca-fluo-3].
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pulse (;1000 ions). The Ca flux is distributed uniformly
over the area covered by the central,i 5 0, radial element in
the computation. It extends from the cleft center atr 5 0, to
a circle of radiusr 5 1.25 nm, which is one-half a radial
increment (Dr 5 2.5 nm) from the center. Because the
actual channel radius is smaller than 1.25 nm, the compu-
tation does not resolve the peak concentration that the
diffusion equation would predict forr , 1.25 nm for the
more localized channel source. Compared to the ryanodine
channel release pulse, the amplitude and duration of the
current for the Ca channel are each an order of magnitude
smaller, and the flux entry area is more than two orders of
magnitude smaller.

In our previous paper, which modeled only the interior of
the cleft (Langer and Peskoff, 1996), we presented a com-
putation that was stated to be for an identical 0.3-pA Ca
channel source. The results presented there were actually for
a source of 2.7 pA rather than for the stated 0.3 pA.
Consequently, the present results inside the cleft predict
smaller Ca concentrations than in the previous paper by a
factor of almost 10.

Fig. 12 is a graph of the free [Ca] versus time, over the
range 0# t # 20 ms, at nine radial distances from the cleft
center to the outer radius:r 5 0, 25, 50, 75, 100, 125, 150,
175, and 200 nm. Ther 5 0 curve, which represents the
mean concentration over a circle of 1.25 nm radius, has a
peak concentration of 0.94 mM. At a distance ofr 5 25 nm
from the center of the channel, [Ca] rises to a peak 83mM
at the end of the Ca influx att 5 1 ms and then declines
fairly rapidly after the channel closes. Atr 5 50 nm the rise
in [Ca] begins at aboutt 5 0.5 ms after the channel opens,
reaches a peak of 12mM at t 5 2 ms and then declines more
gradually than ther 5 25 nm curve. Ther 5 200 nm curve
rises only a small amount above 100 nM. It is still rising at

t 5 20 ms and reaches a peak of 111 nM at aboutt 5 30 ms
(not shown). Fig. 13 is a snapshot of [Ca] on the shaded
plane in Fig. 1 att 5 30 ms. It indicates that the release from
a single Ca channel has a trivial effect on [Ca] outside the
cleft.

Ca spark

The increase in free [Ca] in the sarcomere calculated above
for near maximum-force release from the SR is much too
large to be classified as a Ca spark, whereas the increase
calculated for Ca entry from a single L-type Ca channel is
much too small. In this section we present an example of
release of an amount of Ca from the SR which is interme-
diate between these two extremes, for which the predicted
increase in [Ca] is in the range of a Ca spark (Cheng et al.,
1993; Santana et al., 1996).

FIGURE 9 The partition of Ca among the various states outside the cleft.
Same as Figs. 5B and 7, but for an SR release of 23 10219 moles, with
100 mM fluo-3 added to the sarcoplasm. Note that att 5 200 ms,;3.1%
of the Ca is bound to fluo-3, 4.3% is bound to troponin, 1.3% is bound to
calmodulin, 83% has been taken up by the SR, and 0.03% is free in the
sarcoplasm.

FIGURE 10 Same as in Fig. 8, but for an SR release of 13 10219 moles,
with 100mM fluo-3 added to the sarcoplasm. (A) [Ca] versust at the five
axially spaced points atr 5 a 5 200 nm, shown in Fig. 1. The dashed curve
is the average of the [Ca] over the volume of the sarcomere outside the
cleft. Compare to Fig. 6B for the same conditions without the added fluo-3.
(B) Same as inA, but for [Ca-fluo-3] and volume average of [Ca-fluo-3].
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Fig. 14, A and B, shows the free [Ca] at the points
illustrated in Fig. 1: at eight radial distances in the Z-line
plane inside and outside the cleft, and at five axial distances
from the Z-line plane in the sarcomere at a radial distance
equal to the cleft radius and averaged over the sarcomere
volume, respectively. Fig. 14C is a snapshot att 5 8 ms,
the instant of peak [Ca] outside the cleft, on the shaded
plane in Fig. 1. The superimposed heavy curves are constant
[Ca] contours: [Ca]5 0.2, 0.5, 1.0, and 2.0mM. The rate of

release in this example is 23 10220 moles/ms/cleft, the
same rate as for the maximum-force case considered above,
but the duration is only 2 ms (i.e., for a total release which
is one-fifth of the maximum-force release or;26 times the
amount of Ca entering through the L-type channel).

At the center of the cleft there is a rapid rise to [Ca]. 5
mM at t 5 2 ms. At the outer radius of the cleft [Ca] is
unchanged for almost 4 ms, then rises to [Ca]. 3 mM at t 5
8 ms (Fig. 14A). Away from the cleft in the sarcomere there
is an additional delay of from a fraction of a millisecond to
the beginning of the rise, to several milliseconds to the
peaks, and the peaks decrease in magnitude asr or z
increases (Fig. 14,A andB). At t 5 8 ms, the instant when
[Ca] at ther 5 a 5 200 nm exit of the cleft is at its peak
value, [Ca] decreases to;1 mM within 125 nm of the exit
in the axial direction or within about 50 nm in the radial
direction (1mM contour in Fig. 14C). The concentration
averaged over the volume has a peak value of 300 nM (Fig.
14 B). Note that the first 2-ms period of Fig. 14A is
identical to the first 2-ms period of Fig. 2,A andB.

Fig. 15 illustrates the effect of adding 100mM fluo-3 to
the sarcoplasm. Inside the cleft the effect is negligible, but
outside it is significant: the peak concentrations are lower
and the peaks are delayed and broadened. For example,
comparing Fig. 14,A and B, with Fig. 15, A and B, at
(r, z) 5 (300 nm, 0 nm) or (200 nm, 250 nm), the peak [Ca]
is reduced from 500 nM to 300 nM, the time to peak has an
additional delay of;10 ms, and the decay following the
peak is much slower. The peak in the volume averaged [Ca]
is reduced from 300 nM to, 200 nM, delayed by an
additional 5 ms and after the peak falls off much more
slowly. Comparing the curves in Fig. 15B (free Ca) with the
curves in Fig. 15C (Ca bound to fluo-3) indicates that there
is an additional delay and broadening of the peaks for
[Ca-fluo-3] transients compared to those for [Ca]. Compar-

FIGURE 11 The partition of Ca among the various states outside the
cleft. Same as in Figs. 5B and 9, but for an SR release of 13 10219 moles,
with 100 mM fluo-3 added to the sarcoplasm. Note that att 5 200 ms,
;3.6% of the Ca is bound to fluo-3, 5.0% is bound to troponin, 1.6% is
bound to calmodulin, 75% has been taken up by the SR, and 0.03% is free
in the sarcoplasm. The remaining 15% has exited from the cell via the
Na-Ca exchanger.

FIGURE 12 Free [Ca] versust at nine radial distances from the cleft
center,r 5 0, to the cleft outer radius,r 5 a 5 200 nm after 1 ms of
L-channel opening. Ther 5 0 curve, which represents the mean concen-
tration over a circle of 1.25 nm radius, has a peak concentration of 0.94
mM. The r 5 200 nm curve rises only a small amount above 100 nM, is
still rising at t 5 20 ms, and reaches a peak of 111 nM at aboutt 5 30 ms
(not shown).

FIGURE 13 Snapshot of [Ca] on the shaded plane in Fig. 1. att 5 30 ms
after channel opening, the time at which [Ca] atr 5 a 5 200 nm reaches
its maximum value. It indicates that the release from a single Ca channel
at the center of the cleft has a trivial effect on [Ca] outside the cleft.
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ing the snapshots att 5 8 ms in Figs. 15D and 14C
indicates that the [Ca] transient is more localized spatially
when 100mM fluo-3 is present. For example, the 500 nM
contour in Fig. 15D and the 1mM contour in Fig. 14C are
at about the same distance from the cleft exit.

Secondary Ca release from the corbular SR

In this section we investigate the response to a release of Ca
into the cleft from the JSR followed by a release into the
sarcomere outside the cleft from the corbular SR (CSR). We
assume a 13 10219 mole release at the center of the cleft,
identical to the second example considered above, i.e., of 10
ms duration over the area of a circle of 20-nm radius. In
addition, we assume a delayed secondary release of the
same magnitude and duration from the CSR. The CSR
source is assumed to be located on a ring atr 5 500 nm, on
the outer surface of the sarcomere, extending axially from
z 5 375 to 425 nm. This is accomplished in the numerical
computation by placing one 0.53 10219 mole source at
(j, k) 5 (20, 16) and two 0.253 10219 mole sources at
(j, k) 5 (20, 15) and (20, 17), wherej andk are the radial
and axial indexes in the computation:j 5 r j/Dr, 0 # j # 20,
Dr 5 25 nm;k 5 zk/Dz, 0 # k # 40, Dz 5 25 nm.

The CSR source is assumed to be active during the period
10 # t # 20 ms. Consequently, the results shown in Fig. 6
for the 13 10219 mole source are valid for the present case
until the instantt 5 10 ms, when the CSR source begins to
release Ca. According to the 10 ms snapshot shown in Fig.
6 C, at (r, z, t) 5 (500 nm, 400 nm, 10 ms) the [Ca] is;0.5
mM. This then is the [Ca] at the location of the CSR just
before the time of the initiation of Ca release from the CSR.
Thus, starting the CSR release att 5 10 ms is equivalent to
assuming that 0.5mM is the trigger [Ca] that induces Ca
release from the CSR.

Fig. 16 shows [Ca] versus time in the Z-line plane at four
radial distances inside the cleft, at the radius of the cleft
boundary and at three radial distances outside the cleft. The
first 10 ms are identical to the results shown in Fig. 6A for
a release of 13 10219 moles inside the cleft. After 10 ms
there is an additional surge in [Ca] outside the cleft, but
inside the cleft [Ca] is relatively unaffected. Comparing Fig.
16 with Fig. 2A, where the same total of 23 10219 moles
was released during a 10 ms period, but entirely inside the
cleft, indicates that dividing the release between JSR and
CSR over a total 20 ms duration yields somewhat lower
peak values, but more sustained increases in [Ca]. Fig. 17
shows snapshots of [Ca] versus position in the shaded plane
pictured in Fig. 1, at four instants after initiation of the CSR
release:t 5 15, 20, 25, and 50 ms. The snapshots before

FIGURE 14 [Ca] for an SR release of 43 10220 moles in a 2-ms-
duration pulse. A release of this magnitude simulates a Ca spark. (A) [Ca]
versust at the eight radially spaced points in thez5 0 plane, shown in Fig.
1. (B) [Ca] versust at the five axially spaced points atr 5 a 5 200 nm,
shown in Fig. 1. The dashed curve is the average of the [Ca] over the
volume of the sarcomere outside the cleft. (C) Snapshot att 5 8 ms, the
instant of peak [Ca] outside the cleft, on the shaded plane in Fig. 1. The

superimposed heavy curves are constant [Ca] contours: [Ca]5 0.2, 0.5,
1.0, and 2.0mM (bottom to top). The rate of release in this example is 23
10220 moles/ms/cleft, the same rate as for the maximum-force case con-
sidered above, but the duration is only one-fifth as long.
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CSR release fort 5 5 and 10 ms are shown in Fig. 6C. The
effect of the CSR release is to form a second peak at the
CSR release ring, and a plateau region between this peak
and the peak at the cleft exit during the period 10, t # 20
ms. Note that the CSR peak disappears rapidly. The cleft
peak persists because the movement of Ca from the cleft
into the rest of the sarcomere, slowed by retention by the
cleft binding sites, is slower than the square pulse entry
from the CSR. Thet 5 20 ms snapshot in Fig. 4A does not
have the plateau that is present in thet 5 20 ms snapshot in
Fig. 17. Att 5 50 ms, the snapshot is almost the same as the
t 5 50 ms snapshot for a total 23 10219 mole release inside
the cleft shown in Fig. 4A.

DISCUSSION

Figs. 2–5 show the results for a release of 23 10219 moles
of Ca from a single ryanodine receptor (RyR) located at the
center of the diadic cleft. This is the amount necessary to
achieve maximum force (Fabiato, 1985). We have modeled
the case in which it is for 10 ms at a constant rate of 23
10220 moles/ms, or 3.86 pA. Experimental measurements of
current and open times for single RyR range from,1 to 4
pA and from,5 to 20 ms (Rousseau et al., 1986; Rousseau
and Meissner, 1989). Our assumption is for this range, but
we could equally well have assumed, for example, eight
RyRs, each conducting 1 pA for 5 ms. In our earlier papers

FIGURE 15 Same SR release of 43 10220 moles in a 2-ms-duration pulse, as in Fig. 14, but with the addition of 100mM fluo-3 to the sarcoplasm. (A)
[Ca] versust at the eight radially spaced points in thez 5 0 plane, shown in Fig. 1. (B) [Ca] versust at the five axially spaced points atr 5 a 5 200 nm,
shown in Fig. 1. The dashed curves are the average of the [Ca] over the volume of the sarcomere outside the cleft. (C) Same as inB, but for [Ca-fluo-3]
and volume average of [Ca-fluo-3]. (D) Snapshot att 5 8 ms, the instant of peak [Ca] outside the cleft, on the shaded plane in Fig. 1. The superimposed
heavy curves are constant [Ca] contours. Comparing Figs. 14A andB with 15 A andB, inside the cleft the effect of adding fluo-3 is negligible, but outside
it is significant: the peak concentrations are lower and the peaks are delayed and broadened. Comparing Fig. 15B ([Ca]) with Fig. 15C ([Ca-fluo-3])
indicates an additional delay and broadening of the peaks for [Ca-fluo-3] transients compared to those for [Ca]. Comparing Figs. 15D and 14C indicates
that the [Ca] transient is more localized spatially when 100mM fluo-3 is present.
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(Peskoff et al., 1992; Langer and Peskoff, 1996), we con-
sidered the case when all (;100) of the RyRs in the cleft
were conducting simultaneously for 20 ms. In this case each
individual RyR is conducting 0.02 pA, which seems too
low. The results of our present computations indicate, how-
ever, that outside the cleft (but not inside) the response is
very insensitive to which assumption is made for the distri-
bution of active RyRs. This is helpful if one wants to predict
Ca distribution in the sarcomere outside the cleft with
limited knowledge about the form of the RyR release, but is
a disadvantage if one wants to do the inverse (i.e., infer the
distribution of open RyRs from experimental measurements
of Ca distribution outside the cleft).

Fig. 2 shows the [Ca] distribution versusr andt at z 5 0
(at the Z-line). It illustrates a drop in concentration between
the release location, inside a 20-nm-radius circle centered at
r 5 0 within the cleft, and the re-uptake location, on the
outer cylindrical surface of the sarcomere atr 5 500 nm. At
the time of termination of the SR release, at the center of the
cleft, [Ca] reaches a peak of over 7 mM. After a slight delay,
at the outer boundary of the cleft [Ca] reaches over 40mM
and at the outer radius of the sarcomere it reaches. 5 mM.

The peak reached at the center of the cleft depends on the
spatial and temporal extent of the Ca source. In the case
considered earlier (Langer and Peskoff, 1996) where the
release was over a 20 ms period, distributed uniformly over
the cleft, with the cleft boundary fixed at 100 nM, the peak
[Ca] at the center of the cleft was 600mM.

The gradient is steeper inside the cleft (shaded in Fig. 2)
than it is in the general sarcoplasm outside the cleft. This is

a consequence of two factors in the model: first, the diffu-
sion coefficient inside the cleft is one-third as large as in the
general sarcoplasm and second, there is a greater concen-
tration of binding sites in the cleft than in the general
sarcoplasm (Table 1), which further retards the movement
of the Ca. The steepest gradient across the cleft occurs
immediately following termination of the SR release (t 5 10
ms), just inside the boundary of the cleft (r 5 200 nm). For
the most part, the concentration falls monotonically with
increasing radius. Because there is also a Ca sink inside the
cleft (the Na/Ca exchanger) eventually, when sufficient
time has passed after the SR release is turned off, a small
gradient in the opposite direction develops and the concen-
tration has its maximum value at some point other thanr 5
0. The development of this, with a maximum atr 5 200 nm,
is beginning but barely perceptible in Fig. 2C at t 5 200
ms.

Fig. 3 shows a correspondingly larger variation of [Ca]
along the longer dimension in the axial direction: from the
40 mM peak at the exit of the cleft in the plane of the Z-line
at t ' 11 ms, to a 2mM peak at the M-line att ' 13 ms and
a 6 mM peak in the [Ca] averaged over the volume of the
sarcomere att ' 12 ms. This is also evident in thet 5 10
ms snapshot in Fig. 4A. The t 5 10 ms snapshot of total
(free1 bound) [Ca] shown in Fig. 4B indicates that at the
cleft exit about one-third of the Ca is free and two-thirds is
bound to calmodulin and troponin, while at the M-line only
about one-thirtieth of the Ca is free, and that the axial
gradient of free [Ca] is much larger than the axial gradient
of bound [Ca]. The magnitude of the intrasarcomeric gra-
dients is striking. Shortly following end-release the model
predicts a gradient of. 3 orders of magnitude from cleft
center to M-line. Fifty milliseconds after release this gradi-
ent is still .30 fold. Outside the cleft the axial gradient is
.3 from Z to M-line at 40 ms after cessation of release.
There is a delay of 4–5 ms before [Ca] begins to rise outside
the cleft whereupon it rises most rapidly for the next 8–10
ms (Figs. 3B and 6B). This pattern almost exactly predicts
the sequence found by Isenberg et al., (1996) using Ca
indicators and high speed three-dimensional digital imaging
microscopy.

The [Ca] snapshots (Fig. 4) depict the simultaneous radial
and axial sarcomeric gradients of 5, 10, 20, and 50 ms after
initiation of SR Ca release. These indicate steep gradients at
early times (5, 10 ms) which then decline over the next 40
ms (Fig. 4A). Similar plots made by Wier and Yue (1986)
show very similar results. Ca binding gradients (Fig. 4B)
initially lag behind free [Ca] gradients but as binding sites
approach saturation (t 5 10 and 20 ms) they tend to parallel
the free gradients and become “flatter” at 50 ms. As the [Ca]
transient forms and spreads the sarcomeric distribution of
Ca is plotted in Figs. 5A (for the various states in and
departed from the cleft) and 5B (for the various states in
and departed from the remainder of sarcomere).

In the cleft note that 1) At peak [Ca]free of 7 mM in the
cleft at 10 ms (Fig. 2A) the free Ca represents only 1% of
the total released by the SR. 2) At end release (10 ms)

FIGURE 16 [Ca] versust at the eight radially spaced points in thez 5
0 plane, shown in Fig. 1. 13 10219 moles of Ca is released into the cleft
from the JSR betweent 5 0 andt 5 10 ms, followed by an equal release
into the sarcomere outside the cleft from the CSR betweent 5 10 andt 5
20 ms. The first 10 ms are identical to the results shown in Fig. 6A for a
release of 13 10219 moles inside the cleft. After 10 ms there is an
additional surge in [Ca] outside the cleft, but inside the cleft [Ca] is
relatively unaffected. Comparing Fig. 16 with Fig. 2A, where the same
total of 23 10219 moles was released during a 10-ms period, but entirely
inside the cleft, indicates that dividing the release between JSR and CSR
over a total 20 ms duration yields somewhat lower peak values, but more
sustained increases in [Ca].
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.50% of the total is bound to low affinity inner sarcolem-
mal phospholipid binding sites (Post and Langer, 1992). 3)
At 30 ms, when virtually all release to the cytoplasm has
taken place and [Ca] free in the cleft represents 0.03% of the
total released, 11% of the release is still bound to the low
and high affinity sites. It is this Ca that provides the bulk of
Ca destined to leave the cell via Na/Ca exchange during the
next 100 msec (see curve designated “exchanged” in Fig.
5 A). 4) About 8% of release exits via Na/Ca exchange
when the release is high. This fraction is similar to that
found by Bassani et al. (1994).

In the sarcomere (Fig. 5B) note that: 1) There is about a
5-ms delay after SR release before sarcoplasmic Ca begins
to rise. Isenberg et al., (1996) measured a similar delay and
ascribed it to slow activation of dihydropyridine sensitive
Ca channels. The model indicates that the delay is most
likely due to diffusional delay within the cleft. 2) [Ca]free

reaches its maximum level at;12 ms, and this agrees with
recent results obtained by high-speed digital imaging mi-
croscopy (Isenberg et al., 1996). One would also predict that
maximum rate of force development would be achieved
within this period of time and this has been shown to be the
case (Spurgeon et al., 1990). 3) After 60 ms the rates of
decline of free [Ca], troponin bound Ca and calmodulin
bound Ca are the same. This indicates an equilibrium among
these three components after SR reuptake is;80% complete.

It should be noted that the greater variation seen in the
axial direction than in the transverse direction occurs simply
because the axis of the half-sarcomere is longer than its
radius, not because the [Ca] gradients in the two orthogonal
directions differ greatly in magnitude. This, of course,

would change if we assumed that the sarcoplasm was an
anisotropic medium with differing longitudinal and trans-
verse diffusion coefficients. Such may be the case in situ
where it has been proposed (Cheng et al., 1996) that aniso-
tropic arrangement of intracellular organelles (e.g., mito-
chondria) might restrict transverse diffusion.

For a reduced SR release of 13 10219 moles, the peak
values of [Ca], shown in Fig. 6, are reduced to a little less
than half at the center of the cleft to about one-eighth at the
M-line: ;3 mM at the center of the cleft, 15mM at the outer
radius of the cleft, 1mM at the outer radius of the sarcomere
in the Z-line plane, 0.25mM at the M-line, and 1mM
averaged over the sarcomere volume. Comparing Figs. 5
and 7, halving the Ca release has two major effects: 1) In the
cleft the fraction removed from the cell via Na/Ca exchange
increases almost twofold to 15%. This is due to maintained
transport by the exchangers secondary to sustained high
cleft [Ca] (Fig. 6 A) despite decreased release. 2) The
average free [Ca] in the sarcomere at end-release decreases
by almost 70%. This is consistent with the decrease found
by Fabiato (1985) and is due not only to the low release but
to the high level of Ca efflux from the cell via the exchang-
ers (see above).

SPECIAL CASES

Fluo-3

To compare the predictions of the model to fluorescent dye
measurements of [Ca] we added 100mM fluo-3 (Kao et al.,
1989; Shacklock et al., 1995; Cheng et al., 1996) to the

FIGURE 17 Snapshots of [Ca] versus position in the
shaded plane pictured in Fig. 1, at four instants after
initiation of the CSR release:t 5 15, 20, 25, and 50 ms.
The snapshots before CSR release fort 5 5 and 10 ms are
shown in Fig. 6C. The effect of the CSR release is to form
a second peak at the CSR release ring, and a plateau
region between this peak and the peak at the cleft exit
during the period 10, t # 20 ms. The CSR peak
disappears rapidly but the cleft peak persists because the
movement of Ca out of the cleft is slower than the 10 ms
duration of the Ca pulse entering from the CSR.
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sarcoplasm. Doing this approximately doubles the buffering
capacity of the sarcoplasm. The results are shown in Figs. 8
and 9 for a 23 10219 mole release and in Figs. 10 and 11
for a 1 3 10219 mole release. In the sarcoplasm in the
immediate vicinity of the cleft exit, there is a small reduc-
tion in the [Ca]. Away from the exit there is a reduction in
the [Ca] to about half its value in the absence of fluo-3, and
a delay and broadening of the Ca transients which increases
with increasing distance from the cleft to tens of millisec-
onds in the vicinity of the M-line.

In fluorescent dye measurements of [Ca], the [Ca] is
inferred from the amount of Ca that is bound to the fluo-3.
The model predicts a further broadening of the [Ca-fluo-3]
transients (Figs. 8B and 10 B) compared to the [Ca]
transients (Figs. 8A and 10A). In this case, the broadening
is more significant in the region near the exit of the cleft,
where the peaks of the Ca transients are sharper. The
presence of the fluo-3 also results in a slowing of the
re-uptake by the SR (compare Figs. 9 and 11 with Figs. 5B
and 7). The use of fluorescent dye to measure [Ca], there-
fore, has two serious problems. First, it causes a decrease in
the free [Ca] that one is attempting to measure and second,
the [Ca-fluo-3] transient that is being used to deduce the
[Ca] is broadened relative to the free [Ca] transient. Note
(compare Figs. 3A and 8 A) that fluo-3 reduces peak
average sarcomeric [Ca] by.50% and increases the initial
half-time for decrease about twofold.

It also should be pointed out that no experimental mea-
surements at the present time are able to attain the spatial
resolution necessary to detect the spatially localized peak
concentrations that the model predicts. For example, a con-
focal microscopic measurement obtains a weighted average
over a 0.43 0.4 3 0.8 mm region (Cannell et al., 1994).
This then is a third reason why an experimental measure-
ment might not detect a [Ca] as large as the present model
predicts could be present.

“L” channel entry

As stated in Results the [Ca] profile previously presented
for the cleft was for “L” channel entry nine times that stated
(2.7 versus 0.3 pA) (Langer and Peskoff, 1996). The more
physiological entry and resultant cleft [Ca] profile is now
presented in Fig. 12. Though the calculated [Ca] is less by
a factor of almost ten all nine feet within a 50 nm domain of
an “L” channel will “see” a minimum 1mM [Ca] within 1
ms (Fig. 12). According to Fabiato (1985) this concentration
increase within this time will release an amount of Ca
sufficient to activate 50% maximum force. As modeled
previously (Langer and Peskoff, 1996) “reverse” Na/Ca
exchange requires 10 ms to raise [Ca] to 0.5mM, which
would produce,20% maximum force. Thus channel entry
is capable of generating twice the [Ca] in 10% of the time
required for “reversed” Na/Ca exchange and therefore, if the
model is correct, Fabiato’s results would indicate that it
serves as a more effective “trigger”. This is the same con-
clusion reached previously (Langer and Peskoff, 1996).

Fig. 13 is a “snapshot” of [Ca] on the shaded plane in Fig.
1 outside the cleft 30 ms after “L” channel opening (no SR
release). Such release produces trivial increases in [Ca],
much below the level required to produce a discernible
“spark” (Santana et al., 1996).

“Sparks”

To relate our model to experiments that measure “Ca
sparks” we note that, even taking into account the distor-
tions inherent in the fluorescent dye measurements, the [Ca]
that we compute for the maximum-force SR release (and
also half that release), leads to [Ca] too large to be inter-
preted as a spark. An SR release of 43 10220 moles (20%
of maximum release) over a 2-ms time period yields a [Ca]
distribution in the sarcomere that could be classified as a
spark (Fig. 14) (Santana et al., 1996). It has a peak [Ca] of
3 mM at the exit of the cleft, dropping to 1mM an axial
distance of 125 nm from the exit and to 200 nM at an axial
distance of 600 nm. If 100mM fluo-3 is added to the
sarcoplasm, the peak [Ca] is reduced to slightly less than 3
mM, drops to 1mM within an axial distance of;50 nm
from the cleft exit and to 200 nM at an axial distance of 300
nm (Fig. 15). Comparing Fig. 14C (no fluo-3) and Fig. 15
D (100 mM fluo-3) it is seen that the dye “shrinks” the
spark.

Sparks have recently been cited as “elementary events
underlying excitation-contraction coupling” (Santana et al.,
1996). In the original paper (Cheng et al., 1993) describing
them it is stated, “The calcium spark is theconsequence(our
emphasis) of elementary events underlying excitation-con-
traction coupling.” We would agree with the original de-

FIGURE 18 [Ca] versust at the eight radially spaced points in thez 5
0 plane shown in Fig. 1, for an SR release of 43 10220 moles in a
2-ms-duration pulse. All conditions are identical to those in Fig. 14B,
except that the high- and low-affinity Ca binding sites have been deleted
from the cleft. This deletion 1) increases [Ca] within the sarcomere at
end-release by.10-fold; 2) causes average [Ca] to return to 200 nM within
2 ms as compared to 20 ms; 3) decreases the latency for spark appearance
to ;100ms from;5 ms; 4) reduces the total spark duration to;5 ms from
.30 ms.
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scription and our results suggest that the region of the cell
where the “elementary events” occur is the diadic cleft.
Perhaps the opening of a single ryanodine receptor channel
(or a small cluster of receptors) is the elementary event. The

role of the cleft in transforming the release event and
thereby determining the spark configuration is strikingly
illustrated by comparison of Figs. 14B and 18. All condi-
tions for both figures are identical except that we have

FIGURE 19 [Ca] snapshots at 2, 4, 8, and 16
ms for an SR release of 43 10220 moles in a
2-ms-duration pulse. (A) With and (B) without
binding sites in the cleft. Note that att 5 4 ms, in
A the response is just beginning to appear,
whereas inB it has already decreased by two
orders of magnitude from its peak.
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deleted the high and low affinity Ca binding sites from the
inner sarcolemmal leaflet (Post and Langer, 1992; Langer
and Peskoff, 1996) within the diadic cleft. Note that this
deletion: 1) increases [Ca] within the sarcomere by.10-
fold at end release (average [Ca] rises to 4mM as compared
to 0.3 mM); 2) causes average [Ca] to return to 200 nM
within 2 ms as compared to 20 ms; 3) decreases the latency
for spark appearance to a few hundred microseconds from
4–5 ms; 4) reduces the total spark duration to;5 ms from
.30 ms. In fact, the spark would be essentially finished, in
the absence of cleft sarcolemmal binding, before it would
start in the presence of binding.

Comparison of [Ca] free “snapshots” at 2, 4, 8, and 16 ms
with (Fig. 19A) and without (Fig. 19B) binding emphasizes
the preceding points. The fact that sparks are routinely
identified with present confocal microscopic techniques and
appear as they do is due, in large measure, to the diffusional
delays within the diadic cleft. These delays are, in turn,
ascribable to the presence of the previously described sar-
colemmal Ca-binding sites (Post et al., 1988; Post and
Langer, 1992; Peskoff et al., 1992; Langer and Peskoff,
1996). Not only do these cleft sites play a significant role in
determining the profile of the sarcomeric [Ca] transient but
they are responsible for greatly increasing the efficiency of
cellular Na/Ca exchange as has been recently documented
(Wang et al., 1996).

“Corbular SR”

We have investigated the possibility that a part of the SR
release occurs at a location outside the cleft, from the
corbular SR, located in a ring at the outer cylindrical surface
of the sarcomere,r 5 b 5 500 nm, at an axial distancez 5
400 nm from the Z-line. The total release amount is 23
10219 moles during a 20-ms period, half from the JSR
during the first 10 ms, and half from the CSR during the
second 10 ms. The divided release is based on the assump-
tion that SR content is proportional to the distribution of
calsequestrin in JSR and CSR. Jorgensen et al., (1985)
report a 60–40% distribution respectively. As compared to
all release within the cleft, CSR release produces a super-
imposed 2–3mM peak which subsides over;10 ms and a
moderate elevation of [Ca] in the sarcomere through the
course of the transient (Figs. 2A, 16, 4A, 17). It is unlikely
that current measurement of fluorescent response by confo-
cal microscopy would be sufficient to resolve a separate
CSR release (Pratusevich and Balke, 1996).
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