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Abstract

The planar lipid bilayer and vesicle release experiments are two alternative approaches used to study the function of the
ryanodine receptor (RyR) channel at the subcellular level. In this work, we combine models of gating (Zahradn|̈kovä and
Zahradn|̈k, Biophys. J. 71 (1996) 2996^3012) and permeation (Tinker et al., J. Gen. Physiol. 100 (1992) 495^517) of the
cardiac RyR channel to simulate calcium release experiments on sarcoplasmic reticulum vesicles. The resulting model and
real experimental data agreed well within the experimental scatter, confirming indistinguishable properties of the RyRC in
the vesicle preparation and in the planar lipid bilayer. The previously observed differences in calcium dependencies of the
release and the gating processes can be explained by binding of calcium within the RyRC conducting pore. A novel method
of analysis of calcium dependence of calcium release was developed and tested. Three gating models of the RyRC, showing,
respectively, an increase, no change, and a decrease in calcium sensitivity over time, were compared. The described method of
analysis enabled determination of temporal changes in calcium sensitivity, giving potential for detection of the adaptation/
inactivation phenomena of the RyRC in both vesicle and in situ release experiments. ß 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Three principal approaches, di¡ering in their di-
gression from in vivo conditions, were used in studies
of the machinery providing for calcium release from
intracellular stores in heart muscle: (1) measurements
of calcium transients in skinned or living cells [1^4]
with minimal perturbation of in vivo conditions; (2)
measurements of 45Ca2� release from isolated vesicles
of sarcoplasmic reticulum [5^9] in which native mem-
brane composition is retained; or (3) measurements

of single-channel activity of release channels incorpo-
rated into planar lipid bilayers [6,8,10^14]. Reconsti-
tution of the channels into the arti¢cial environment
of the bilayer provides unrivaled time resolution and
exceptional control of the experimental conditions,
but the physiological relevance of the results has
been questioned.

Bilayer experiments aided with rapid changes of
Ca2� in the vicinity of the single cardiac ryanodine
receptor channel (RyRC) have revealed temporal
changes in the channel activity [11,15^20], termed
adaptation [15], which are accompanied by changes
in the distribution of modes of channel activity
[21,14]. The techniques for rapid Ca2� concentration
changes in the vicinity of a bilayer membrane still
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su¡er from technical limitations. Therefore, there is a
continuing dispute whether the decrease in the RyRC
sensitivity to Ca2�, observed within seconds after
channel activation [15], is a genuine property of the
cardiac ryanodine receptor or a technical artifact
[22^24]. The problem could not be addressed by
measuring calcium release using stopped-£ow techni-
ques for the lack of a method of data analysis capa-
ble of resolving temporal changes in calcium sensi-
tivity of release.

Another unresolved problem is the Ca2� depend-
ence of cardiac RyRC activity at high Ca2� concen-
trations. In skinned cardiac Purkinje cells, Fabiato
[1] has found that the extent of calcium release is a
bell-shaped function of the free cytosolic calcium
concentration. Also in isolated cardiac SR vesicles,
the measured rate of passive 45Ca2� e¥ux was a bell-
shaped function of the extravesicular calcium con-
centration [6^9], although the half-inhibiting Ca2�

concentration was an order of magnitude higher
than that reported by Fabiato [1] in skinned myo-
cytes. These observations were interpreted as evi-
dence for a direct inhibitory action of calcium ions
on cardiac Ca release via reduction of the open prob-
ability of the channel (Ca-dependent inactivation).
However, this interpretation is at odds with the re-
sults of most single-channel experiments, in which
the activity of cardiac calcium release channels was
found to be inactivated, under similar conditions, by
cis (cytosolic) calcium either at extremely high Ca2�

concentrations [13], or not at all [8,11,12]. It was
attempted to avoid these contradictions by postulat-
ing that a hypothetical di¡usible factor ^ supposedly
lost during incorporation of the RyRC into the bi-
layer [8], or by treatment of the RyR channel with
CHAPS during protein puri¢cation, or by high con-
centrations of Cs� [13] ^ mediates calcium-induced
inactivation.

Recent development in understanding of RyRC
gating and permeation provides the means to inter-
pret single-channel activity of the channel and the
kinetics of macroscopic release on common grounds.
In this work, we show how the mathematical descrip-
tions of channel open probability and ion £uxes
through the open pore of the channel can be com-
bined to provide a uni¢ed model of calcium release.
Using this approach, we will explore a hypothesis
integrating the experimental observations obtained

with the techniques of planar lipid bilayers and
vesicle release experiments. According to this hy-
pothesis, the experimentally observed time- and cal-
cium-dependence of calcium release arise from the
modal behavior of the release channel, and from
the permeation properties of its conducting pore.
This work is based on mathematical modeling with
the use of the minimal gating model of cardiac
RyRC developed by us [25], and with the use of
the single ion permeation model of this channel de-
scribed by Tinker et al. [26].

We introduce a new method for quantitative anal-
ysis of the Ca release data and, using three di¡erent
models of RyR gating, we demonstrate that it can
reliably detect temporal changes in the sensitivity of
the RyRC to the activating ligands.

2. Materials and methods

Simulations of the calcium release £uxes from SR
vesicles via RyRC were performed with a set of dif-
ferential equations describing the three processes in-
volved: the channel gating, the ion £uxes through the
open channel, and the material balance of the sys-
tem.

(1) Gating of the cardiac Ca release channel was
described by a six-state scheme illustrated in Fig. 1A,
which was shown to be the minimal gating scheme of
the RyRC [25]. The rate constants of the model were
that same as in [25]. The model predicts a transient
increase in the channel open probability upon bind-
ing of a single Ca2� ion to the activation site (Fig.
1B). It should be noted that the decrease of the chan-
nel activity in time is not a consequence of another
Ca2� ion binding to a site on the channel, occupation
of which would cause channel transitions to the in-
activated state. Rather, inactivation involves sponta-
neous, slow, kinetically controlled transitions of the
channel to modes having a lower open probability
than the mode in which the channel resides during
activation. Modeling was performed in the environ-
ment of the Mathematica program (Version 2.2,
Wolfram Research, USA) running on a Pentium
computer as described previously [25]. The time
courses of open probabilities after application of a
step change in cis calcium concentration, such as the
example in Fig. 1B, were calculated by solving a
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A. Zahradn|̈kovä, I. Zahradn|̈k / Biochimica et Biophysica Acta 1418 (1999) 268^284 269



system of ordinary di¡erential equations of channel
kinetics, using the set of rate constants estimated in
our previous work [25]. The apparent activation con-
stant Kapp

a (t) of the channel open probability Po(t) at
the time t after a step change of Ca2� was estimated
by ¢tting the dose^response equation to the calcu-
lated open probabilities at a given time.

(2) The single-ion channel pore model [26] depicted
in Fig. 1C was solved in Mathematica running on a
Pentium computer, using a set of steady-state equa-
tions for state probabilities as described in Cooper et
al. [27], allowing for a maximum of four di¡erent
permeant ions. The model was applied here to calcu-
late the RyR single-channel conductances (simulated
bilayer experiments), and the £ux of 45Ca2� through
the open RyR channels (simulated vesicle experi-
ments).

(3) The time course of 45Ca2� release from vesicles
was solved in Mathematica running on IBM RISC/

6000 machine. The di¡erential equations for channel
gating [25] were combined with Eqs. 1 and 2 for non-
steady state £ux through the open pore of the single-
ion channel [27]. These equations were derived as-
suming that in the closed channel no transitions of
ions between channel pore wells can occur.

dW M i�t�
dt

� Po�t�W�3W Mi�t�W
X
jgi

kMij�

X
jgi

kMji WW Mj�t�
ÿ �� kMEi W E�t� �Mi��t�� �1�

dW E�t�
dt

� Po�t�W�3W E�t�
X

i

kMEi �Mi��t�� ��

X
i

kMiE W Mi�t��� � �2�

Fig. 1. The gating and permeation schemes of the RyRC. (A) The minimal gating model according to Zahradn|̈kovä and Zahradn|̈k
[25] : R, resting state; C1 and C2, closed states; O1 and O2, open states, I, inactivated state. Thick arrows denote fast transitions and
thin arrows denote slow transitions. (B) Illustration of the transient response of the gating model to a step change of Ca2� from 0.1
to 1 WM. (C) Schematic diagram of the energy pro¢le of the RyR channel pore according to Tinker et al. [26]. The relative energies
of channel wells and barriers are approximately shown (solid line, monovalent cations; dashed line, divalent cations).
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The indices i,j denote the position of the ion in one
of the three wells (R, C, L); [Mi](t) is the free con-
centration of ion M in the compartment neighboring
with the well i, i.e. intravesicular compartment (right
well) or extravesicular compartment (left well); kMij

are the rate constants of the transition of the ion M
from the well i to the well j or into/out of the channel
(kMCE � kMEC � 0 by de¢nition); W Mi�t� is the prob-
ability of the channel pore energy well i to be occu-
pied by the ion M, WE(t) is the probability of all the
channel energy wells being empty.

The equations of material balance (Eqs. 3^6);
Ca2� and 45Ca2� were considered di¡erent species)
were solved for the transport of ions between the
compartments and for the complexation of calcium
by the chelator EGTA (ethylene glycol bis-L-amino-
ethyl ether-N,N,NP,NP-tetraacetic acid). The rate con-
stants kon and koff for binding of calcium to EGTA
were taken from Smith et al. [28]. Binding of other
ions by EGTA is weak and was not considered. The
initial conditions for EGTA complexation were
solved based on the dissociation constants reported
by Smith and Miller [29]. In simulations where the
extravesicular compartment was assumed to behave
as an in¢nite sink, i.e. the extravesicular concentra-
tion of 45Ca2� was not in£uenced by the e¥ux, the
right sides of Eqs. 3^6 were set to zero.

d�MR��t�
dt

�

Po�t� n
VR

kMRE W MR�t�3kMER W E�t��MR��t�� � �3�

d�ML��t�
dt

� 3
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d�MR��t�
dt

3kon�EGTA��t�:�ML��t�

� koff �M:EGTA��t� �4�
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dt

�

3kon �EGTA��t�
X

m

�ML��t� � koff

X
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�M:EGTA��t�

�5�

d�M:EGTA��t�
dt

�

kon �EGTA��t�:�ML��t�3koff �M:EGTA��t�: �6�

Here, n is the total number of RyR channels, VR is
the total vesicular volume, VL is the total extravesic-
ular volume.

The bu¡ering of intravesicular calcium by calse-
questrin was considered to be instantaneous, and
the free calcium concentration was calculated as in
[30]:

�Ca2�� � 1

1� KDccsq

�KD � cCa�2
�7�

where [Ca2�] is the intravesicular concentration of
free Ca2�, KD = 0.5 mM [31] is the dissociation con-
stant for Ca binding to calsequestrin binding sites,
ccsq is the concentration of these sites, and cCa is the
total intravesicular calcium concentration.

In the case when the e¡ect of open probability
inhibition by calcium on release was considered, the
inhibition was assumed to be independent of activa-
tion, and Po in Eqs. 1^3 was then multiplied by the
inhibitory dose^response function.

To inspect 45Ca2� e¥ux without contribution of
the channel time dependent behavior on the kinetics
of release, the open probability Po in Eqs. 1^3 was
calculated using the dose^responses of activation [25]
for the peak or the steady-state open probability.

For testing the performance of the procedure for
determination of the sensitivity of the channel to
activation by Ca2� as a function of time, three mod-
els di¡ering in the time dependence of Ka were con-
sidered.

As Model 1, a representative of models in which
Ka decreases as a function of time, we used the min-
imal gating model as described above. The time con-
stant of Ka equilibration is V1 s in the activating
Ca2� range of about 1^10 WM.

As Model 2, a representative of models in which
Ka does not change in time, we used a gating model
with instantaneous activation to

Po � Ca2�

Ca2� � Ka

and the value of Ka = 2.4 WM.
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As Model 3, a representative of the models in
which Ka increases as a function of time, we used a
gating model with the following calcium- and time-
dependence of open probability:

Po � �Ca2��n
�Ca2��n � �Ka�t��n;

Ka�t� � Ka�0�3vKa 13e
3

t
dCa

0@ 1A; �8�

The parameter values were: Ka(0) = 0.3 WM,
Ka(r) = 2 WM, vKa = Ka(r)3Ka(0), dCa = 1 s; n = 4.
This model is approximately equivalent to the model
of Keizer and Levine [32].

The rate of release was estimated from the time
courses of intravesicular 45Ca2� concentration using
three procedures, mimicking real experimental tech-
niques: (1) the initial release rate method ^ as the
slope of the release curve calculated with 50 ms time
resolution (or 1 ms, to avoid the low sampling rate
errors); (2) the cumulative release method ^ as the
amount of calcium released within 5 s; and (3) the
half-time method ^ as the reciprocal value of the
release half-time. The values of e¥ux rates are given
in relative units, as the channel density in the release
experiments is not known.

3. Results

3.1. Calcium dependence of the RyRC open
probability

The calculated calcium dependence of the steady-
state open probabilities is compared to the experi-
mental data of Chu et al. [8], Gyo«rke et al. [11],
and Laver et al. [13] in Fig. 2. All these data were
obtained in the absence of Mg2� and ATP, and using
Cs� as the charge carrier. It is obvious that the the-
oretical calcium dependence of the steady-state curve
(solid line) is a good approximation of the measured
values up to 1 mM Ca2� concentration. Approxima-
tion of all published data in the range below 1 mM
with a dose^response function provided the activa-
tion constant Ka = 1.22 þ 0.21 WM and the slope
nH = 1.16 þ 0.20. These values are almost identical
to the theoretical predictions of the model of 0.97

WM and 1.0 for Ka and nH, respectively. For calcium
concentrations above 1 mM, only few data are avail-
able. The results of Laver et al. [13] di¡er from the
other two reports by observation of a decline in Po.
Inclusion of these data into the ¢t did not change the
activation parameters. Additionally, it provided the
inhibition parameters Ki = 10.4 þ 1.3 mM and
ni = 1.26 þ 0.20 for the calcium dependent open prob-
ability inhibition (dashed line), close to the reported
values of Ki = 15 mM and ni = 1.7 [13]. The contribu-
tion of the calcium-dependent inactivation to the
open probability is less than 10%, i.e. well within
the experimental error, up to 2 mM cis Ca2�. It
can be concluded that the minimal gating model ap-
proximates the experimental data very well and can
be applied up to the millimolar range of activating
Ca2�.

3.2. Ion permeation through the RyR channel

Our implementation of the permeation model of
Tinker et al. [26] was tested by calculation of the
single-channel current^voltage curves for the mixed
solutions of K� with Ca2� or Ba2�, of the limiting
conductances, and of KD constants for monovalent
and divalent ions. The calculated values (Table 1)
were almost identical to the original data published

Fig. 2. Calcium dependence of the open probability of the RyR
channel. The experimental data are replotted as solid symbols
with corresponding error bars (circles, Chu et al. [8] ; squares,
Gyo«rke et al. [11]; triangles, Laver et al. [13]). Dashed line, a
¢t to all the experimental data (with the product of the activa-
tory and inhibitory dose^response functions). Solid line, theo-
retical steady-state open probability as a function of Ca2� con-
centration. Both the calculated and the experimental data are
normalized for comparative purposes.
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by Tinker et al. [26]. The small di¡erences might be
due to the higher (30-digit) numerical precision of the
Mathematica program used here.

Calculations of the single-channel current ampli-
tudes, I^V curves, and conductances to be used for
simulation of bilayer experiments were performed for
250 mM Cs methanesulfonate and variable CaCl2 in
the cis compartment, and 50 mM Cs methanesulfo-
nate and 3 WM Ca2� in the trans compartment, to
match the experimental conditions used in the only
report [8] that directly compares results of the single-
channel and release experiments. The amplitudes of
single-channel currents were calculated for the volt-
age range of 360 to +60 mV at di¡erent activating
cis Ca2� concentrations ranging from 0.1 WM to 100
mM. From these data, the conductances of the RyR
channel at di¡erent levels of cis Ca2� were calculated
as the slope of the respective I^V curves in the linear
range from 360 to +20 mV and normalized to the
value at 1 WM cis Ca2�. The calcium dependence of
the normalized channel conductance, predicted by
the pore model (i.e. not ¢tted to the experimental
data), is given in Fig. 3 (upper panel, solid line).
The simulated RyR open channel conductance hy-
perbolically decreases with Ca2� with Ki = 2.83 mM
and nH = 1.0. The predictions of the model, which
was derived from sheep cardiac RyRC data [26], is
in good correspondence with the experimental data
reported for the canine channel (Ki = 5.4 mM and
nH = 0.8; [8]), replotted in Fig. 3 (upper panel).

3.3. Simulations of 45Ca2+ e¥ux

The currents depicted in the upper panel of Fig. 3
are mostly carried by Cs� ions. The simulation ap-
proach allows calculating the ionic currents and uni-
directional £uxes through the open RyRC for Ca2�

ions as well. We have used slightly di¡erent ionic
conditions for this calculation, in order to compare
these data with the results of release £ux experi-
ments. Ionic conditions were chosen according to
those employed in the report of Chu et al. [8] (in
mmol/l) : 100 KCl, 20 K2HEPES, 0.1 MgCl2,
5 K2EGTA, variable CaCl2 for the extravesicular,
and 100 KCl, 20 K2HEPES, 2 CaCl2 for the intra-
vesicular compartment. The calcium current through
a single RyRC at 0 mV is depicted in Fig. 3 (lower
panel) as a solid line. The initial amplitude of ICa

carried by 2 mM Ca2� ions was 32.2 pA. As the
concentration of Ca2� in the cis compartment in-
creased, the current decreased and reversed sign at
cis Ca2� = 2 mM. On the other hand, the unidirec-
tional e¥ux of Ca2� from the trans compartment
decreased sigmoidally, starting from the initial 2.2
pA, with a Ki of 3.26 mM (the dashed line in Fig.
3, lower panel).

The published experimental data on calcium de-
pendence of calcium release from cardiac SR vesicles
[6^9] are shown in Fig. 4. To allow for a direct com-
parison, only data obtained in the absence of ATP
and utilizing passive 45Ca2� loading were included.

Table 1
Conduction parameters of the ryanodine receptor channel for monovalent and divalent cations

Ion KD (mM) gmax (pS) g210 (pS) PMZ�=PK�

Cs� 34 34 (34) 644 621 (588) 555 500 (460) 0.52 0.50 (0.61)
K� 23 23 (20) 852 831 (900) 767 712 (723) 1.00 1.00 (1.00)
Na� 15 15 (18) 539 530 (516) 503 481 (446) 1.00 1.02 (1.15)
Li� 6.8 7.4 (9.1) 245 244 (248) 237 234 (215) 1.00 1.05 (0.99)
Tris� 6.9 5.4 ^ 24 25 ^ 24 24 (17) 0.14 0.20 (0.22)
Ca2� 0.121 0.116 ^ 186 ^ ^ 109a 94a (94)a 6.06 7.15 (6.50)
Ba2� 0.172 0.165 ^ 205 ^ ^ 205 191 (199) 5.29 5.28 (5.80)
Sr2� 0.127 0.123 ^ 195 ^ ^ 195 181 (183) 6.06 5.88 (6.70)
Mg2� 0.090 0.086 ^ 138 ^ ^ 137 128 ^ 6.05 6.93 (5.90)

The numbers in boldface are solutions of our implementation of the permeation model; the numbers in italics are the theoretical cal-
culations of Tinker et al. [26]; and the numbers in parentheses are their experimental data. KD, the binding constant of the ion to the
channel pore; gmax, the limiting conductance; g210, conductance in symmetrical 210 mM solution of the respective chloride salt ; P,
the ionic permeabilities.
aThe ¢gures given are obtained for ionic conditions of 60 mM Ca2� trans, 125 mM Tris cis [26].
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The data are signi¢cantly scattered, despite the fact
that experiments were performed under relatively
similar conditions. The ¢rst question was, what is
the relationship between the experimental data and
the theoretical predictions, and the second, whether
the model can explain the di¡erences between the
experiments.

To answer the ¢rst question, calculations of 45Ca2�

e¥ux curves were performed ¢rst using idealized
conditions, namely: the approximation that the ex-

travesicular compartment behaves as an in¢nite sink;
time resolution of 1 ms; and the initial rate method
of analysis. Ionic conditions were again chosen ac-
cording to those employed in the report of Chu et al.
[8] (in mmol/l) : 100 KCl, 20 K2HEPES, 0.1 MgCl2,
5 K2EGTA, variable CaCl2 for the extravesicular,
and 100 KCl, 20 K2HEPES, 2 45CaCl2 for the intra-
vesicular compartment. Interactions of Ca2�, 45Ca2�,
K�, and Mg2� with the channel pore were taken into
account. The time course of 45Ca2� e¥ux was calcu-
lated for extravesicular Ca2� concentrations from
0.001 WM to 100 mM (at least three points per dec-
ade), and for a channel density (1 nmol RyR per 1 l
of intravesicular volume) providing a half-time of 0.3
s at the Ca2� concentrations (10^100 WM) that
evoked the fastest release. This value is well in the
range of the experimentally observed e¥ux rates. The
results are shown normalized to the maximal rate of
release in Fig. 4A.

In the Ca2� concentration range from 0.001 to 100
WM, the relative release rate estimated from these
simulated data increases as a sigmoidal function of
log [Ca2�], following the calcium dependence of the
channel peak open probability (for details see [25]),
and gives 50% activation of release at 4.8 WM extra-
vesicular Ca2�. The experimental release data,
although of similar shape, are mostly to the left of
the theoretical predictions. At Ca2� concentrations
higher than 100 WM, the relative release rates esti-
mated from the simulated data decline, following the
calcium dependence of the channel permeation (see
Fig. 3, top panel), with half inhibition of release at
1.8 mM Ca2�. In the high calcium concentration
range, the experimental release rate data are mostly
to the left of the simulated data. Although the extent
of errors was not reported with the experimental
data, the decline of release is obvious. The decrease
of the simulated release rate at high Ca2� is fully due
to a decrease in the e¥ux through the open channel,
as in the model neither the peak nor the steady-state
open probability decline at high calcium concentra-
tions.

3.4. Analysis of release experiments

Although the overall reported experimental condi-
tions for the data given in Fig. 4A were similar,
several experimental details and the methods of anal-

Fig. 3. Calcium dependence of the RyRC single-channel con-
ductance. Upper panel: theoretical single channel conductance,
expressed relative to that in the absence of Ca2�, plotted as a
function of cis Ca2� concentration (solid line). The data re-
ported by Chu et al. [8] are plotted as solid circles with error
bars. Lower panel : theoretical single channel current at 0 mV
under ionic conditions used in the release experiments (solid
line), compared with the unidirectional e¥ux of Ca2� ions
through the open channel (in units of pA) from the trans com-
partment, which corresponded to the luminal side of the chan-
nel (dashed line).
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ysis were di¡erent. The di¡erences include: the bu¡-
ering capacity of the extravesicular sink for the re-
leased calcium (EGTA concentration and dilution of
vesicles), intravesicular calcium concentration (the
extent of 45Ca2� loading), and the measure used for
the release rate estimation (either the initial release
rate, or the amount of 45Ca2� released per 5 s, or the
reciprocal half-time of release). The approach of sim-

ulation is the ideal one to study the contribution of
these factors to the experimental results. This might
also help to understand, under which conditions the
experimental errors can be minimized. Thus, to an-
swer the second question mentioned above, we have
set the parameters of the model to correspond to the
conditions used in the reports of Meissner and Hen-
derson [7], Chu et al. [8], or Mëszäros et al. [9]. The

Fig. 4. Relative rate of calcium release from SR vesicles at di¡erent extravesicular Ca2� concentrations. (A) The reported experimental
data with their standard errors (if reported) are plotted as: solid circles, Chu et al. [8] ; open triangles, Mëszäros et al. [9] ; crossed tri-
angles, Rousseau et al. [6] ; and crossed squares, Meissner and Henderson [7]. The `true' initial rate of 45Ca2� release predicted by the
model, normalized to that at optimal Ca2� concentration is plotted as solid line. (B) Simulations of the Ca2� dependence of the re-
lease rate for di¡erent experimental conditions: curve 1, using the half-time method, 45Ca2� loading of 200 WM, and in¢nite capacity
of the extravesicular sink; curve 2, using the initial rate method with 50 ms time resolution, 45Ca2� loading of 2 mM, and in¢nite ca-
pacity of the extravesicular sink; and curve 3, using the cumulative 5 s release technique, 45Ca2� loading of 2 mM, 250 WM extravesic-
ular EGTA and vesicle dilution 1:50.
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resulting consequences for the calcium dependence of
release are shown in Fig. 4B for comparison. It is to
note that the resulting simulations are not ¢ts to the
experimental data, but they rather describe calcium
release at a speci¢c set of conditions.

The simulated curve for the half-time method, with
in¢nite sink approximation and 45Ca2� loading of
200 WM (corresponding to [7]), is plotted in Fig. 4B
as curve 1. The relative release rate peaks at a lower
Ca2� concentration than does the theoretical curve,
with half activation occurring at 3.8 WM Ca2�, and
half inhibition at 0.55 mM. The simulated curve for
the initial rate method, with in¢nite sink approxima-
tion and 45Ca2� loading of 2 mM (corresponding to
[8]), and 50 ms sampling period is shown as curve 2.
In this case, 50% activation occurs at 3.8 WM Ca2�

and 50% inhibition at 1.6 mM Ca2�. A simulation
using 250 WM EGTA, vesicle dilution 1:50, 2 mM
45Ca2�, and release rate de¢ned as 45Ca2� released
per 5 s (corresponding to [9]) is shown by curve 3.
The ascending arm of the curve is substantially
shifted to the left, providing 50% activation at 0.14
WM. The descending arm gives increased half inhibi-
tion value of 4.7 mM Ca2�. This method provides
estimate of the half activation of release which is in
close correspondence with the reported data [9].
However, as it also shifts the declining part of the
curve to the right, the use of the method of cumu-
lative 5 s release cannot explain the reported partial
reduction of release observed already at 100 WM
Ca2� [9].

For deeper insight into the e¡ect of experimental
conditions and methods of analysis on the relative
magnitude of the Ka and Ki values, we have per-
formed simulations for combinations of the follow-
ing conditions: intravesicular Ca2� of 0.2, 2.0, or 20
mM; the extravesicular sink either ideal or of 250
WM EGTA and vesicle dilution of 1:50; and the
three above-mentioned methods of analysis. The gat-
ing model (Fig. 1) predicts that after rapid activa-
tion, the channel undergoes slow inactivation accom-
panied by a shift in the apparent Ka from 4.8 to 1.0
WM Ca2�. To account for the non-stationarity of Ka,
the Ka values were normalized to the prediction of
the model for the time of their determination (i.e. 50
ms, 5 s, and the half-time at Ca2� = Ka for the three
methods, respectively). The Ki values were normal-
ized to the values obtained at the respective intra-

vesicular calcium concentrations with the initial
rate method and 1 ms resolution, which was consid-
ered to be error-free. The results, plotted in Fig. 5,
con¢rm that the initial release rate method provides
the best estimates of the binding constants. However,
for any of the employed methods, the values of Ka

tend to be underestimated, especially at high release
rates and ¢nite extravesicular sink. The di¡erences
are most apparent for the cumulative 5-s method,

Fig. 5. The e¡ect of 45Ca2� loading on the estimation errors of
the Ka and Ki values for di¡erent experimental conditions. (A)
The apparent Ka normalized to their theoretical values at the
time of determination, plotted as a function of intravesicular
45Ca2�. Squares, circles, and triangles stay for the methods of
initial rate, cumulative 5 s release, and reciprocal half-time, re-
spectively. The solid symbols correspond to the calculations
with in¢nite calcium bu¡ering capacity of the extravesicular
sink. The open symbols correspond to calculations with a re-
duced capacity of the extravesicular sink (250 WM EGTA and
1:50 vesicle dilution). (B) The values of apparent Ki, normal-
ized to the theoretical values, plotted as a function of intrave-
sicular Ca2�. The symbols have the same meaning as in A.
Note that the solid and open symbols cannot be distinguished,
as the Ki values were independent of the properties of the ex-
travesicular sink.
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with the error reaching almost one order of magni-
tude. The half-time method tends to underestimate
Ki, while the cumulative 5-s method tends to over-
estimate it. The Ki values are not dependent on the
Ca2� ion bu¡ering capacity of the extravesicular
sink.

Generally, from these simulations it can be con-
cluded that the time resolution of the methods for
release rate estimation signi¢cantly in£uences the es-
timated calcium dependence of release. Even the
methods with the best time resolution, i.e. the half-
time method and the initial rate method, provide
systematic deviations from the expected values.
This ¢nding points to the importance of kinetic proc-
esses involved in the release of calcium, namely, the
gating of the channel, and the depletion of the
vesicles. The depletion e¡ect will be minimized, if
the loading of vesicles with calcium is substantially
increased and if the rate of e¥ux is decreased. Then,
the kinetics of the release will be controlled solely by
the kinetics of the RyRC gating. Below we will de-
scribe a method of analysis of the time course of
release, based on the above considerations, useful
for estimation of a time-dependent change of the
Ka from real experimental data.

3.5. Estimation of the Ka shift from the release
experiments

To isolate the e¡ects of channel gating on release
from those caused by vesicle depletion, in the follow-

ing simulations the half-time of e¥ux at the optimal
Ca2� concentration was reduced from 0.3 to 18 s by
decreasing the relative channel density (the n/VR ra-
tio in Eq. 3). With this rate of release, more than
75% of 45Ca2� was retained in the vesicles after 5 s
of release.

We have compared three gating models, di¡ering
in their time dependence of calcium sensitivity: Mod-
el 1 is characteristic by a predicted decrease in Ka as
a function of time, as described in [25]. At the start
of activation by an increase in Ca2� concentration,
all channels have a Ka of 4.75 WM, and they equili-
brate with a calcium-dependent time constant into
the steady state with Ka = 0.97 WM; Model 2 has a
time-independent value of Ka = 2.4 WM; and Model 3
is characteristic by an increase in Ka as a function of
time from the initial value of 0.3 WM to the equili-
brium value of 2 WM.

The calcium dependence of release was determined
for a set of times, t (0.05, 0.1, 0.2, 0.5, 1, 2, and 5 s),
during which the channel relaxed from the peak of
activity down to the steady-state level. The estimates
of the apparent Ka of the channels at any given time
were compared to the respective theoretical values.
As the measure of the release rate at the time t, the
calculated amount of calcium released from the
vesicles during the period from starting release until
time t was taken. This procedure is illustrated in Fig.
6, in which the calcium dependence of release rate is
constructed for the time point t = 1 s.

For every studied period, the values obtained with

Fig. 6. The method of analysis. The proportion of 45Ca2� released at time t (left) is plotted against calcium concentration that induced
release (right). The apparent KCa at time t is determined by ¢tting this calcium dependence with a dose^response curve.
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A. Zahradn|̈kovä, I. Zahradn|̈k / Biochimica et Biophysica Acta 1418 (1999) 268^284 277



the above procedure were normalized. The results for
Models 1, 2, and 3 are plotted in Fig. 7A^C, respec-
tively. In Model 1, progressively longer time periods
of Ca2� e¥ux (lines labeled with the value of the
period duration) provided the relative release rate
curves shifting between the two theoretical limits
from the right to the left. This shift resulted in an
almost one order of magnitude di¡erence in the esti-
mated values of Ka for release activation. The inter-
relation between the equilibration of the channels
and the shift of apparent Ka is documented in Fig.
7A by two curves for the approximation of time-in-
variant open probability. One represents the initial
e¥ux rate for the channels at the peak open proba-
bility and the other stays for the channels at the
steady-state open probability (all states are popu-
lated). It can be seen that the predicted calcium de-
pendencies of release are of similar shape to the ex-
perimental data [8], and the curve at t = 1 s is closest
to the experimental data points.

In Model 2, the di¡erent time periods produced
values of Ka that did not di¡er signi¢cantly from
each other, nor from the theoretical value (Fig.
7B). The value of Ka in the model was chosen to
be close to the experimentally obtained value [8],
and therefore this model also describes the experi-
mental release data adequately.

In Model 3, the calcium dependencies of the initial
and steady-state open probabilities are similar to
those predicted by the model of Keizer and Levine
[32]. The shift of Ka values as a function of time,
obtained from the release curves, was in agreement
with the theoretical predictions, i.e. in the opposite
direction as for Model 1. However, the value at 5 s
of release was signi¢cantly lower than the predicted
value (Fig. 7C). From Fig. 7C, it can also be seen
that the slopes of the calcium dependence of release
rate, predicted by Model 3, are much steeper than
actually observed in the experiments [8], and there-

6

Fig. 7. The calcium dependence of calcium release at di¡erent
times for the three employed models. The theoretical calcium
dependencies of release at t = 0 and at t =r are plotted as thick
lines. The calcium dependencies at di¡erent times (0.05, 0.1,
0.2, 0.5, 1, 2, and 5 s) are shown as thin lines and marked by
the respective time. Insets: the calcium dependence of release
replotted in liner scale. (A) Model 1. (B) Model 2. (C) Model
3. Solid circles are the experimental data from [8].

BBAMEM 77592 3-5-99
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fore the experimental data cannot be adequately de-
scribed by this model.

Altogether, Figs. 6 and 7 exemplify the method for
evaluation of the time shifts in the channel a¤nity
from experimental release data.

The relation between the apparent Ka and the pro-
portion of channels that entered the steady-state
(PSS) during the time course of release is evaluated
in Fig. 8A for the case of Model 1. The time course
of the estimated apparent Ka re£ects well the theo-
retical change in the apparent Ka of the channel dur-
ing progression to the steady state. The correlation
between the two estimates of Ka is very good
(r = 0.996). For comparison, analogous result for
Model 2 is also provided in Fig. 8A, to show that
the arti¢cial decrease of apparent Ka would not ex-
ceed 20%.

In real experiments, high e¥ux rates can corrupt
the estimated calcium dependencies. The relationship
between the values of release half-time t1=2 at optimal
[Ca2�] (inversely proportional to channel density;
upper axis) and the estimate of the apparent Ka is
plotted in Fig. 8B for Model 1. Here, the values
obtained at di¡erent times after starting release (solid
symbols) are compared with the theoretical Ka at

these times (rightmost values). With fast release the
absolute values of the Ka are underestimated. For
instance, at t = 5 s and t1=2 = 0.3 s, the apparent cal-
cium sensitivity of release activation is 0.3 WM only,
but the correlation between the estimated and theo-
retically predicted Ka values is still very good
(r = 0.96; not shown). The contribution of the vesicle
depletion error to the shift in the estimated Ka can be
judged from the plot of the estimated Ka values at
di¡erent times as a function of t1=2, using Model 2, in
which the value of true Ka is constant (Ka = 2.4 WM).
The results are plotted as open symbols in Fig. 8B. It
can be seen that the best results are obtained if the
optimal t1=2 is more than four times the time con-
stant of the Ka change (which is 1 s in this case).
However, the analysis can still be performed without
a considerable systematic error when the rates of
both processes are similar. In that case, only data
for times t shorter than twice the fastest release
half time should be analyzed.

The time dependence of apparent Ka, determined
from the release curves under di¡erent conditions is
illustrated in Fig. 9 for Model 1. Fig. 9 shows the
apparent Ka values determined with di¡erent loading
levels, with the approximation of in¢nite extravesic-

Fig. 8. The apparent calcium sensitivity of the release rate as a function of the time of determination. (A) The apparent Ka of the re-
lease rate of the model (solid circles) estimated at di¡erent times after starting the release (from the curves in Fig. 7A) is superimposed
on the theoretical time course of the apparent Ka of the RyRC (solid line). The apparent Ka determined under identical conditions,
but using Model 2 with a constant open probability equal to Po;peak is shown as open squares. The top axis (1^PSS) ^ the proportion
of channels that have not yet reached the steady-state. The relative channel density used for calculations was 0.05. (B) The e¡ect of
the rate of release on the apparent Ka determined at di¡erent times after commencement of release (top to bottom, solid circles stay
for the times of 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 s, respectively). The rate of release is expressed as the minimal half-time (t1=2 ; lower
axis), or as the relative channel density (top axis). Open squares show the apparent Ka values determined for Model 2. The data re-
lated to the part A of the ¢gure are marked by gray background.
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ular sink (Fig. 9A), and under conditions of low ex-
travesicular Ca2� bu¡ering (250 WM EGTA, vesicle
dilution 1:50; Fig. 9B). The e¡ect of RyRC density
on the apparent value of Ka is shown in Fig. 9C. It
can be seen that low 45Ca2� loading and low bu¡er-
ing capacity of the extravesicular medium can distort
the values of Ka, but the di¡erences between the
initial and steady-state values are not impaired. In-
crease in receptor density also decreases the apparent
values of Ka without changing the di¡erence between
initial and steady-state values appreciably.

The sensitivity of the apparent Ka values of Model
3 to receptor density under similar conditions is
shown in Fig. 10. It can be seen that this model is
much more sensitive to receptor density (Fig. 10A).
This sensitivity is decreased if higher total intravesic-
ular calcium concentrations are used (Fig. 10B). The
sensitivity of the model is decreased also in the pres-
ence of calsequestrin, because the release is slowed
down as the free intravesicular Ca2� is decreased,
and at the same time, calsequestrin serves as a
Ca2� bu¡er.

Fig. 10. The apparent KCa at di¡erent times for Model 3 under di¡erent conditions of the experiment. The theoretical time course of
KCa is plotted as line. The initial value of KCa is plotted as dashed line. Approximation of in¢nite extravesicular Ca2� sink. (A) Con-
trol conditions. Intravesicular 45Ca2� 2 mM. RyR density (nmol/l SR): 0.01 (squares); 0.1 (circles) ; 1.0 (up triangles). (B) E¡ect of in-
creasing intravesicular Ca2�. Intravesicular 45Ca2� 2 mM; total intravesicular Ca2� 20 mM. RyR density (nmol/l SR): 0.01 (squares);
0.1 (circles) ; 1.0 (up triangles). (C) E¡ect of the presence of calsequestrin. Intravesicular 45Ca2� 2 mM. 10 mM Ca2� binding calse-
questrin sites. Relative RyR density: 0.03 (squares); 0.3 (circles) ; 1.0 (up triangles) ; 3.0 (down triangles).

Fig. 9. The apparent KCa at di¡erent times for Model 1 under di¡erent conditions of the experiment. The theoretical time course of
KCa is plotted as line. (A) Approximation of in¢nite extravesicular Ca2� sink. RyR density 1 nmol/l SR. Intravesicular Ca2� (mM):
20 (squares); 2.0 (circles) ; 0.2 (up triangles). (B) The e¡ect of low extravesicular sink (250 WM EGTA, vesicle dilution 1:50). RyR
density 1 nmol/l SR. Intravesicular Ca2� (mM): 20 (squares); 2.0 (circles) ; 0.2 (up triangles). (C) The e¡ect of RyR density. Approxi-
mation of in¢nite extravesicular sink. Intravesicular 45Ca2� 2 mM. RyR density (nmol/l SR): 0.05 (squares); 0.1 (circles) ; 0.2 (up tri-
angles) ; 0.5 (down triangles) ; 1.0 (diamonds).
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4. Discussion

The main ¢nding of this work is that the presented
complex model of the release experiments, derived
solely from the single-channel characteristics of the
ryanodine receptor channel, is able to reproduce the
calcium dependence of calcium release observed in
isolated vesicles of SR. In other words, the model
that does not include calcium-dependent inactivation
of the channel provides a calcium-dependent decline
of the release in the millimolar range of calcium.
Previously, decline of the release has been interpreted
as re£ection of a decrease in channel Po due to cal-
cium-dependent inactivation [8,13]. However, it is
obvious from Figs. 2 and 4 that the simulated release
rate declines in the same Ca2� concentration range as
was observed experimentally (with the exception of
[9]), whereas for the same model the Po does not
decline. It can be concluded that the reported decline
of the release rate in the release experiments at milli-
molar calcium concentrations cannot be regarded
any more as a proof of the calcium-dependent inac-
tivation of the cardiac RyR channel.

Extrapolation of these results to the in situ condi-
tions is not possible at present. Any progress in this
direction will need a gating model for the RyRC
activity in the presence of physiological modulators,
such as ATP and Mg2�, including regulation by lu-
minal calcium [33^35]. In the report of Fabiato [1],
the decrease of Ca2�-induced Ca2� release was ob-
served at calcium concentrations 910 WM. This can-
not be achieved by the mechanism prominent in the
release experiments, i.e. by the decrease in calcium
£ux through the open pore. From the data in planar
lipid bilayers, it seems possible that under physiolog-
ical concentrations of ATP and at low luminal Ca2�,
a low-a¤nity calcium inactivation site is operating
with a Kd between 0.1^0.5 mM [36]. However, this
value is still larger than the value observed by Fa-
biato [1].

Another important outcome of this work is a new
method which can be used to resolve the dispute on
changes of the RyR channel a¤nity to calcium fol-
lowing activation [15^18,22^25]. We have found that
any changes in channel a¤nity, if present, are re-
£ected in the release curves, and can be quantita-
tively evaluated. The described method of analysis
has the potential to con¢rm or refute authenticity

of the shift of channel Ka during adaptation [15].
The only condition is to use fast techniques, such
as the rapid ¢ltration, quenched £ow, or stopped-
£ow in SR vesicle experiments. However, the appli-
cation ¢eld of the method is more general. It might
be useful to quantify the temporal changes in the
sensitivity of any channel to agonists. Hot candidates
are all channels that control the release of calcium
from intracellular stores. In the case of the inositol
trisphosphate receptor channel, such an analysis
might be useful for understanding of the increment
detection phenomenon and its modulation.

The analysis of the e¡ects of experimental condi-
tions and methods of analysis on the observed cal-
cium dependence of release enabled us to pinpoint
several factors, listed below, which might have pro-
nounced e¡ects on the results.

(1) The e¡ect of vesicle depletion on the calcium
dependence of release activation. Due to the presence
of a calcium binding site in the channel pore, the
open channel £ux is not proportional to the intra-
vesicular 45Ca2� concentration. Rather, it is inde-
pendent of the intravesicular 45Ca2� for concentra-
tions above V100 WM. Therefore, during the time
course of release the rate of decline of 45Ca e¥ux
depends on the rate of release in a more complex
fashion than it would, had the £ux been governed
by di¡usion. This e¡ect is the most pronounced at
the rising part of the calcium dependence curve. It
results in shifting the relative release rate curve to the
left with respect to the true initial release rate curve,
when the initial release rate or cumulative Ca release
per time unit are used as the measure of release. The
e¡ect is most critical when some or any combination
of the following factors occurs: high receptor den-
sity, high open probability, low sampling rate, leaky
vesicles, low 45Ca loading.

(2) The e¡ect of 45Ca2� loading on the calcium
dependence of release inhibition. In addition to the
e¡ect mentioned above, calcium concentration in the
vesicles, via competition between intra- and extrave-
sicular calcium for the binding site in the channel
pore, shifts the descending part of the curve to the
right when the loading is increased, and to the left
when it is decreased. This e¡ect is relatively inde-
pendent of other experimental conditions and the
method of analysis.

(3) The e¡ect of limited extravesicular calcium
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bu¡ering capacity (non-in¢nite extravesicular sink).
Increase of the extravesicular Ca2� concentration
during the time course of release results in excess
activation of the release. Another consequence is
dissipation of the 45Ca gradient across the vesicle
membrane. The magnitude of this e¡ect is most pro-
nounced at about threshold concentrations of acti-
vating calcium. The e¡ect is most critical when low
Ca2� bu¡ering capacity (low EGTA concentration or
low pH), and/or low dilution of vesicles occurs.

(4) The method of release rate determination. The
Ka estimated by the reciprocal half-time method ap-
proaches the theoretical value with decreasing Ca2�

loading, while for the other two methods it does so
with increasing Ca2� loading. The reciprocal half-
time method, although having the least demand on
45Ca2�, has two drawbacks: (a) the descending arm
of the calcium dependence is always shifted to the
left, giving a Ki value V50% lower than the true
value; and (b) the time dependence of the Ka shifts
cannot be evaluated. Therefore the method of choice
is the initial rate method.

To assess possible contributions of the low-a¤nity,
inactivating Ca2� binding site proposed by Laver et
al. [13] to the decline of Ca2� release rate at high
Ca2� concentrations, we have performed the calcula-
tions also for a model which includes this low-a¤nity
site (not shown). As expected, the di¡erences from
the model having only a single calcium binding site
start to be apparent only at the highest Ca2� concen-
trations. The relative release rate at 15 mM Ca2�

decreased from 0.05 in the absence to 0.025 in the
presence of the inactivating site, an e¡ect hardly seen
in the release experiments. Explanation of the calci-
um £ux `inactivation' therefore does not necessarily
require any distinct calcium-dependent inactivated
state of the RyRC. The di¡erence in the open chan-
nel £ux can be the sole reason for the decline of the
release rate under the ionic conditions used for pas-
sive release experiments. The inhibition of open
probability of the RyRC by Ca2� was detectable in
the theoretical release curves, if it occurred at con-
centrations that did not a¡ect Ca2� £ux signi¢cantly
(data not shown). Such a high tendency for inhibi-
tion was observed in the presence of Mg2� and ATP
[36]. However, there are no available experimental
release data under comparable conditions.

It has been pointed out that a decrease in calcium

e¥ux with increasing extravesicular Ca2� might oc-
cur due to a decreased calcium gradient across the
SR membrane [37]. With 45Ca2� measurements spe-
ci¢cally, however, increasing the extravesicular Ca2�

concentration does not a¡ect the gradient for 45Ca2�.
Therefore, without the presence of calcium binding
sites in the channel pore, i.e. if the £ux through the
open channel is governed solely by di¡usion, the
45Ca2� e¥ux is independent of extravesicular (unla-
beled) calcium concentration. The inhibition of
45Ca2� e¥ux through the channel pore by extravesic-
ular calcium, according to the presented model, is
explained solely by the competition between intrave-
sicular 45Ca2� and extravesicular unlabeled Ca2� for
binding to the channel pore. Decreasing capacity of
the extravesicular sink cannot signi¢cantly in£uence
the concentration dependence of this inhibition.

This is, to our knowledge, the ¢rst report in which
an explicit gating scheme and permeation model is
used to reconstruct the time course of calcium release
from the vesicles of cardiac sarcoplasmic reticulum.
The time course of Ca2� release from skeletal SR was
modeled previously [38] using the approximation of
di¡usion-limited £ux through the channel pore. Our
results clearly demonstrate a large impact of the per-
meation properties of the channel on the time course
and on the calcium dependence of release. We con-
clude that the planar lipid bilayer method can be
viewed as a model of choice for studies on the rya-
nodine receptor channel, as its native properties are
preserved after reconstruction to the same extent as
in the isolated vesicles. On the other hand, the vesicle
release experiments can be an invaluable tool for
kinetic studies if conditions of experiment de¢ned
in this work are met. These conclusions are impor-
tant for the design of future experiments, in which
the single-channel and £ux data may complement
each other.
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