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inositol 1,4,5-trisphosphate-sensitive
Ca?* channel reveals repetitive
openings during ‘blip-like’ Ca?**
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Summary Confocal microscope studies with fluorescent dyes of inositol 1,4,5-trisphosphate (InsP,)-induced
intracellular Ca?* mobilization recently established the existence of ‘elementary’ events, dependent on the activity of
individual InsP-sensitive Ca** channels. In the present work, we try by theoretical stochastic simulation to explain the
smallest signals observed in those studies, which were referred to as Ca®* ‘blips’ [Parker {., Yao Y. Ca® transients
associated with openings of inositol trisphosphate-gated channels in Xenopus oocytes. J Physiol Lond 1996; 491:
663-668]. For this purpose, we assumed a simple molecular model for the InsP_-sensitive Ca?* channel and defined a
set of parameter values accounting for the results obtained in electrophysiological bilayer experiments [Bezprozvanny
l., Watras J., Ehrlich B.E. Bell-shaped calcium-response curves of Ins(1,4,5)P - and calcium- gated channels from
endoplasmic reticulum of cerebellum. Nature 1991; 351: 751-754; Bezprozvanny |., Ehrlich B.E. Inositol (1,4,5)-
trisphosphate (InsP,)-gated Ca channels from cerebellum: conduction properties for divalent cations and regulation by
intraluminal caicium. J Gen Physiol 1994; 104: 821-856]. With a stochastic procedure which considered cytosolic Ca?
diffusion explicitly, we then simulated the behaviour of a single channel, placed in a realistic physiological environment.
An attractive result was that the simulated channel exhibited bursts of activity, arising from repetitive channel openings,
which were responsible for transient rises in Ca® concentration and were reminiscent of the relatively long-duration
experimental Ca?* blips. The influence of the values chosen for the various parameters (affinity and diffusion coefficient
of the buffers, luminal Ca%* concentration) on the kinetic characteristics of these theoretical blips is analyzed.

INTRODUCTION

The Ca**-dependence of the opening of inositol 1,4,5-
trisphosphate (InsP,)-sensitive channels in the endo-
plasmic reticulum is now believed to play a major role in
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both elementary and global aspects of Ca?* signalling, in
a variety of cell types [4]. The dual effect of Ca®* on
channel opening, ie. fast activation and slower
inhibition, has been well characterized in in vitro
systems, by %Ca* flux measurements and electro-
physiological measurements of the activity of the InsP,-
sensitive Ca** channels reconstituted in lipid bilayers
[2,5]. On the other hand, in vivo observations of the
behaviour of these channels suggest that the bell-shaped
dependence of their activity on cytosolic Ca** plays a
major role in the regulation-of Ca?" in intact cells [4],
presumably because the activities of the InsP,-sensitive
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Ca?* channels distributed throughout the cytoplasm may
be co-ordinated through Ca** diffusion. For sufficient
stimulatory levels, oscillations and waves can develop [4].
From a theoretical point of view, this feedback effect of
Ca?* on the Ca** releasing activity has been incorporated
in many different models, and has accounted for a
variety of experimental facts, e.g. oscillations of cytosolic
Ca?* and intracellular propagation of Ca?* waves [6-9].

Independently, the potential implications of the fact
that the local Ca?* concentration is much higher at the
mouth of an open channel than in the bulk cytoplasm
gained wide recognition [10-12]. The spatial and
dynamic characteristics of these intermediate Ca®*
domains were studied for several types of channels
[13-21]. Previously, we suggested that these inter-
mediate domains could be responsible for interesting
properties of the InsP,-sensitive channel, such as the
possibility to generate an incremental detection-like
behaviour [22] or long-period Ca? oscillations [9]. The
critical role of endogenous or exogenous Ca** buffers for
such local Ca?* signalling was also recognized [23,24].

Since most models are interested in describing the
behaviour of a cell which contains a large population of
channels, they are generally based on deterministic
kinetic equations. However, it is not clear how the idea of
intermediate domains with a high concentration of Ca2*
can withstand the explicit consideration of both the
stochastic nature of the channel opening and the
relatively fast Ca?* diffusion: indeed, it is not unreason-
able to anticipate intuitively that such a domain would
be washed away by passive diffusion very rapidly after
channel closure.

In this work, we have, therefore, attempted to describe
in stochastic terms the behaviour of a single InsP,-
sensitive channel inserted in a cytosol-like medium with
realistic diffusion characteristics. Interestingly, we found
that under these conditions, and with minimal hypo-
theses about the parameters to be used, our simulated
channel exhibited bursts of activity, ie. repetitive
openings due to re-activation of the channel by the Ca?*
ions flowing through it. The resulting simulated rises in
the average Ca** concentration in a macroscopic volume
around the channel were reminiscent of experimentally
observed fundamental events in Ca’* release, the so-
called ‘blips’ [1], whose duration had not been under-
stood previously and for which our simulation might
thus provide a realistic explanation.

MATERIALS AND METHODS

Operational model for the InsP,-sensitive Ca** channel

Our aim was to develop an operational model which
could account for the following properties of the InsP.-
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Fig. 1 Model of InsP-sensitive Ca®* channel. The channel exhibits
different states, defined by the absence or the presence of InsP,
and Ca®" in the respective specific binding sites: the symbol R,
refers fo the state of the channel, to which i (0 or 1) InsP, molecule,
j (0, 1 or 2) Ca? ions (at the activating sites), and k (0, 1 or 2) Ca?*
ions (at the desensitizing sites) are bound. The transitions between
the different states may be described by a cubic scheme, partially
represented in the figure. Ca?* binding to activating and
desensitizing sites are shown as horizontal and vertical transitions,
respectively. InsP, binding is represented by transitions between
back and front faces of the cube. The life time of the open state
(encircled) depends on the kinetics of the three events which, in
this scheme, are quantitatively characterized by their first order (for
InsP, dissociation or Ca* dissociation from the activating site) or
pseudo first order (for Ca®* binding to desensitizing sites) rate
constants. In the latter case, the value is proportional to the Ca
concentration at the mouth of the channel: the high and the low
values shown correspond to an unitary current of 1.1 pA or 0.1 pA,
respectively, under bilayer experimental conditions.

sensitive Ca?* channel: (i) the open probability of the
channel exhibits a bell-shaped dependence on cytosolic
Ca?* concentration, with a slight positive co-operativity
[2]; and (ii) the mean open time of the channe! decreases
as the Ca?* flux increases [3].

Our basic model is shown in Figure 1. It is based on the
existence of a single InsP, binding site (for simplicity, it is
assumed here that InsP, binding is not co-operative [25]),
two activating Ca?* binding sites and two inhibitory or
‘desensitizing’ Ca®* binding sites. It is assumed that InsP,
binding does not depend on Ca?* binding and that,
although Ca?* binding to the activating sites and to the
desensitizing sites is co-operative in both cases, there is
no allosteric interaction between these different sites. As
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shown in Figure 1, R refers to the different states of the
channel: i is equal to 1 or O depending on whether InsP,
is bound ot not to the channel, j represents the number
of activating sites occupied by Ca?* (j= 0, 1 or 2), and k
represents the number of desensitizing sites occupied by
Ca? (k= 0, 1 or 2). It is assumed that the channel is in
the open state only when InsP, is bound and when Ca*
is present on both activating sites while not present on
any of the desensitizing sites, ie. the open state is R .
The channel is closed in all other situations.

When the channel is open, the Ca** concentration in
the vicinity of the channel is higher than that in the bulk
cytosolic phase and, thus, the kinetics of Ca?* association
to the desensitizing sites depends on this local con-
centration at the mouth of the channel (Ca*"__ ). When
the channel closes, excess Ca** disappears by diffusion.
In order to simulate Ca* binding to activatory and
desensitizing sites, this local Ca** concentration at the
mouth of the channel must be computed at every
instant.

Stochastic simulation of the channel behaviour

Simulation of the activity of a single channel requires a
stochastic approach, which takes random tramsitions
between the different channel states into account.
Assuming that the channel is in a certain state at time t,
the numerical procedure has to calculate the probability
of the different transitions and to determine into which
state the channel will transform after a short time
interval At. This stochastic procedure can be described by
using the following example. Let us suppose that all
binding sites of the channel are vacant at time t (the
channel is in state R,). From this state, the three
possible events are: InsP, binding, Ca*" binding to an
activating site, or Ca** binding to a desensitizing site (the
corresponding states into which the channel may
transform during a time interval At are R, R ), and R, ).
If interval At is sufficiently small to allow at most one
transition, the probabilities for the channel to transform
into the various possible states within this short time

interval are given by:

P s00100 = K, [INSP LAt Eqg. 1
P(000—>o1o) = ka1+[032+momh].At Eq. 2
P vo0-001) = Ky, [Ca%" ol At Eq. 3

with rate constants defined in Figure 1. Note that the
Ca?* concentration referred to in these equations is the
local Ca?* at the mouth of the channel (computed as
indicated below), not the bulk cytosolic Ca?*. The
probability for the channel to remain in its initial state
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Fig. 2 Stochastic simulation of the model under bilayer conditions:
relationship between the channel open probability and the Ca?*
concentration in the cis chamber. The stochastic simulation of the
model proposed in Figure 1 was based on the set of parameters
values defined in Table 1, chosen to account for the experimential
data illustrated here by circles joined by a solid line [2]. The
simulated open probabilities were obtained with an unitary current
of either 1.1 pA (triangles) or 0.1 pA (squares).

(Rygo) is equal to:
P osonoon = 1= (K, [INSP.] + k

{000—000; [Ca2+ h] + k I:(gaz-).mouth])At

Eq. 4

al+ moutl di+

Practically, we chose time intervals At short enough to
ensure that the probability that the channel remains in
the same state after At was always higher than 0.95. The
interval [0,1] was divided into four sub-intervals,
corresponding to the four possible states, interval

[O'P(ooo—upO)] for R, interval [P 000100y Prooo100) T Prooooio]
for Ry, interval [P(000—>100).+ P(ooon>01o)’ P(oooaoo) + P(ooo&amo) +
P (oomom)] for Ry, and interval lP(ooo—>100) + P(ooo—>o1o) +

o001y 1] f0r Ry, The stochastic procedure randomly
generated a number between 0 and I; the sub-interval
which contained this random number then defined the
channel state at time t + At. The procedure was then
reproduced over and over to generate a stochastic

succession of channel states.

Three dimensional Ca?* diffusion from a point source

Diffusion in a cytosolic-like medium

Since the present study only considers the activity of a
single channel placed in a homogeneous three
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Fig. 3 Ca?* concentration in the vicinity of a Ca® point source
placed in a cytosolic-like medium. The simulation considered a
Ca?* point source generating, during 20 ps, a current of 0.1 pA into
a cytosolic medium described by a hemispherical space made of
166 shells of 6 nm thickness each. The basal Ca®* concentration
was set to 40 nM, and only endogenous buffers were considered,
whose characteristics are listed in Table 1. Ca®* diffusion was
simulated according to Equation 7. The curve represents the Ca?*
concentration in the central hemisphere of 6 nm radius containing
the point source. Fitting of the fast component of the decay curve
(first 15 us after source closure) by a two-exponential function gave
the following result:

t-t
losure
2+ =91 uM [_ __ closure ]
Ca mouth uhtexp 0.17 us
=tosure
+19 pM exp [— — ] +0.04 uM
5.6 us

dimensional space, Ca?* diffusion was described in
spherical co-ordinates: the time-dependent distribution
of Ca* concentration was calculated along the radial
direction. For the actual simulation of channel behaviour
in a cytosolic environment (Figs 4-7), space discre-
tization was defined as follows: the source was located in
a central sphere characterized by a radius Ar; this sphere
was surrounded by N successive concentric shells, all
with the same thickness equal to Ar. The Ca?** concen-
tration next to the outer shell was kept constant. For
simulation of short-range diffusion and evaluation of the
local Ca?* concentration at the mouth of the channel
(Fig. 3), the space for diffusion consisted of hemispheres
only (see Results).

In the absence of buffer, the Ca?* distribution obeys
the equation:

dC(r,1)
ot

2
=D V7C(r1) + o(rt) Eq. 5

where V2 is the Laplacian operator here equal to

2 9. 9
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Table 1 Assumed characteristics for the Ca?* buffers in the cytosol

Buffer Total Ca? Diffusion
concentration  dissociation  coefficient
(uM) constant (uM)  (um?s)

Endogenous

Stationary 3007 102 0

Mobile 50° 10° 15¢
Exogenous

Calcium Green-1 502 0.7¢ 31¢

aParker et al [27]. °Smith et al [20]. *Gabso et al [24]

The K, of Calcium Green-1 is only known under in vitro conditions
(about 250 nM [28]). However, 94% of the dye was considered to
be bound to cytoplasmic constituents under in vivo conditions, and
related dyes under such conditions have a dissociation constant
which is several-fold higher than in protein-free solution [29,30]; we
thus tentatively estimated that the dissociation constant for Calcium
Green-1 to be used was around 700 nM.

®We assumed for Calcium Green-1 a diffusion coefficient similar to
the one previously measured for the comparable dye Fura—2 [31];
note that the same authors measure a lower diffusion coefficient
(15 um?/s) for Indo—1. See also the even lower value (8 um?s) for
Calcium Green-1 itself in muscle fibers [30].

C(r,t) is the Ca?" concentration at time t and at distance r
from the center where the source is placed, D_is the Ca?**
diffusion coefficient, and o(zt) is the Ca? influx at the
source, i.e. o(tt) is different from zero only for r = 0.

For the kind of discretization described above, we
approximated the Laplacian operator applied to a
function F(r) by operator L, defined as follows:

L(F) = A_1r2 [(1 —i‘;:) F,_{ —2F, +(1 +i:-_1§)Fi+1] i=1,2..N Eq.6

where F, approaches the function F in the i* shell. We
checked that these approximations gave results com-
patible with the analytical solution for a simple system
consisting of a constant Ca?* point source placed in an
infinite space.

In the presence of Ca?* buffers in the diffusion space,
mathematical analysis of Ca?* diffusion is more difficult.
Since our study was intended to be semi-quantitative
only, we used the rapid buffering approximation
proposed by Smith and coworkers [20]. These authors
have shown that this approximation is acceptable to
mimic physiological buffers, both in the absence and in
the presence of moderate concentrations of Ca?* indicator
dyes like Calcium Green-1. The procedure calculates
Ca** concentrations at time t + At in the central sphere

© Harcourt Brace & Co. Ltd 1998
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(C,) and in the successive shells (C, i = 1 to N) as
functions of the Ca?* concentrations obtained at time t:

C(t+ At) = C(t) + ALBM[L(F() + o8] i=0,1,.N Eq.7
with
8y,=1,8,=0fori>0 Eq. 8
K.B K_B KB
B;(t) :[1 s s,tot 5 m m,’rot2 e e,tot2 Eq. 9
(Kg + Ci(t) K+ G (Ko + i)
Brm,totCilV) Bo,10tGi Eq. 10

Fi(t) = } - _—
i) =D,C) + D, K +00 +Dg K, + G0

where indices s and m refer to stationary and mobile
endogenous buffers, and index e refers to mobile
exogenous buffer; the Ks, B, s and D;s are the equili-
brium dissociation constants, total buffer concentrations
and diffusion coefficients of the mobile buffers,
respectively. D_is the diffusion coefficient of free Ca** in
the cytosol, which was chosen to be equal to 250 um?/s
[26]. Parameters chosen to describe the immobile and
mobile endogenous buffers, as well as the mobile
exogenous buffer (Ca** dyes, as mentioned below), are
shown in Table 1.

Diffusion in a water-like medium

Under conditions corresponding to an electrophysio-
logical bilayer experiment, where Ca?* diffuses into a
Ca?*-buffered cis chamber, the stationary Ca?* profile in a
hemispherical space can be approached analytically (see
[20] for further justifications). At the mouth of the
channel, one gets:

;
2+ . O Y
Ca”™ mouth = €

Eq. 11
2nDCr a

where r represents the distance between the Ca*
desensitizing sites and the center of the pore, and L is a
characteristic length which depends on the kinetics of
Ca** binding to the buffer [32]. For instance, taking the
experimental conditions from the experiments reported
by Bezprozvanny and coworkers [3] into account (i ** =
1.1 pA, 1 mM EGTA), and assuming that D, = 600 um?/s
characterizes Ca?* diffusion in water [33], we find ¢ =
5.73 x 10-'® mol/s and A = 632 nm. Since the cytoplasmic
part of the InsP,-sensitive Ca** channel appears to be
roughly square-shaped with sides about 12 nm long [34],
r should be a few nm, say r = 3 nm. Thus, in such

experiments, the computed stationary [Ca*__ .| turns
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out to be about 500 uM. A different value can be
computed if a different Ca** current is assumed (see
Results).

RESULTS

Stochastic simulation of a single channel under bilayer
conditions and determination of parameter values for
our model

Our first goal was to define a set of values for the
parameters of the model (Fig. 1), allowing to account for
the electrophysiological data [2,3] obtained with Ca*
channels incorporated in a planar bilayer. In these
experiments, the ionic current flowing through the InsP,-
sensitive channel was measured in the presence of a high
InsP, concentration and in the presence of various Ca?*
concentrations on the cis and #ranus sides of the bilayer:
the maximal open probability of a single channel was
found to be rather low (around 0.04). With the optimally
activating concentration of 200 nM Ca* in the cis
chamber, the channel mean open time was found to be
either 2.9 or 4.7 ms, depending on whether Ca* was
present (44 mM) or not in the #rans chamber (Sr** was
added to complement the carrier concentration to 55
mM) [3]. The shorter open time in the presence of
luminal Ca* was interpreted as the consequence of the
desensitizing effect of the Ca?* ions flowing through the
open channel [3].

According to our model (Fig. 1), the channel closes
when any one out of the three following events occurs: (i)
dissociation of InsP,; (ii) dissociation of Ca®* from one of
the activating sites; or (ili) binding of Ca** to one of the
desensitizing sites. Since the kinetics of these three
events are characterized by k_, k, and k, [Ca?'_ .],
respectively, the two values of the mean open time
mentioned above can be used to estimate two of these
three kinetic parameters, on the basis of the equation:

1
Mean open time =

Eq. 12
2+
ki— + ka2— + kd1+[Ca

mouth!

where [Ca?*__ .]is the Ca*" concentration in the vicinity
of the Ca*" desensitizing site of the open channel. In this
equation, the rate of InsP, dissociation, k_, can be
considered to be 5 s7! as previously measured [35]; in the
absence of Ca® flux in the bilayer experiments, we
assume here that [Ca** .1 is identical to the bulk Ca*
concentration in the cis chamber (200 nM), and in the
presence of a 1.1 pA Ca?" flux (once the channel is open),
we assume that [Ca?* 1 is stationary and, because of
the size of the channel and the properties of Ca?*
diffusion in the cis compartment, equal to 500 uM (see
Material and methods). From the two corresponding

Cell Calcium (1998) 23(5), 291302
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Table 2 Set of parameter values used to simulate the model defined in Figure 1

Binding rate constant

Dissociation rate constant

InsP, site k,=5x10°M-s™ k =5s"
First activating Ca®* site k., =8.3x 10" M's™ L= 25087
Second activating Ca®* site K, =47 x10° M's™ K, =208 s™
First desensitizing Ca* site Ky, = 2.6 x 10° Mg ky_=57¢s"

Second desensitizing Ca?* site

Kyp. = 5.7 x 108 M5~

K, =195

values cited above for the mean open time, we thus
conclude thatk , =208s"andk,, [Ca* _ ,]1=2.6x10°
M-'s7l. Note that since the contributions of the three
reactions to closing the channel are in the ratio
k _/k, /k, [Ca® _ .] ie. in the ratio 5/208/132, the rate
of Ca?* dissociation from the activating sites appears to
play a dominant role, but the contribution of the Ca*
induced desensitizing process is highly significant under
these conditions of large luminal Ca®" concentration (44
mM) and, therefore, of large Ca*" flux (1.1 pA) and high
Ca* . concentration (500 pM).

The other kinetic parameters describing Ca** binding
cannot be estimated by direct calculation: stochastic
simulation of the model is required to define a set of
parameter values compatible with the bell-shaped curve
describing the channel open probability as a function of
the Ca?* concentration in the cis chamber [2]. The values
presented in Table 2 were found to fit reasonably well the
experimental data (compare circles [experimental points]
and triangles [simulated points] in Fig. 2; these results were
obtained assuming a concentration for InsP, 10 times
higher than the dissociation constant). We repeated twice
the numerical simulation in order to show the small
variations inherent to stochastic processes. At 200 nM Ca?*
in the ¢is chamber, the mean open times corresponding to
the simulated experiments were equal to 2.8 and 3.1 ms,
respectively, in these duplicate simulations.

It should be kept in mind that the experimental data
simulated in Figure 2 were obtained in the presence of
44 mM frans (luminal) Ca?, a concentration which
resulted in a large Ca?" flux through the channel.
Bezprozvanny and Ehrlich have already pointed out that,
under physiological conditions, since the luminal Ca?
concentration was certainly lower, the resulting Ca
current would be lower; on the basis of an estimated
luminal concentration of 2.5 mM, a Ca?* current of about
0.5 pA was predicted [3]. However, several recent studies
have shown that in a variety of cell types, the Juminal
Ca? concentration is still lower, ranging from 40-700 pM
[36—41]. On the basis of an intermediate value of 500 uM,
and assuming a linear relationship between the current
and the Juminal Ca?* concentration in this range of
concentrations [3], an even smaller value of 0.1 pA can,
therefore, be predicted for the physiological unitary Ca?*
current. In this case, the calculation of [Ca?*__ ] (Eq. 11)

Celf Calcium (1998) 23(5), 291-302

leads to a value of 46 uM, and stochastic simulation of
the model based on this corrected value of luminal Ca*
concentration leads to a second bell-shaped curve for the
channel open probability, also shown in Figure 2
(squares). This second curve exhibits a much higher P,
peak value, of about 0.2, and it is slightly shifted to the
right compared to the curve obtained with a larger
current. This is because Ca?*-induced desensitization is
less effective for smaller currents, since the local Ca?*
concentration in the vicinity of the open channel is
lower: k,, ,Ca?"__ . is then only equal to 12 s™!, compared
to 132 s7! in the previous case.

Deterministic simulation of Ca?* diffusion in the cytosol

Precise stochastic simulation of the channel behaviour
under physiological conditions not only depends on an
acceptable choice for the luminal concentration of Ca?
(see squares in Fig. 2), but also depends on the time
evolution of the Ca?* concentration at the mouth of the
channel. Thus, the actual Ca** profile in the cytosolic
compartment when the channel opens and closes must
be computed under physiological conditions. Since the
gradient of Ca* concentration is very steep in the
vicinity of the channel mouth, the computation of Ca*
concentration in this region requires a very small spatial
grid, in the range of a few nanometers. This high level of
discretization increases the computing time enormously.
Therefore, the strategy that has been used here was to
simulate, once for all under appropriate conditions, the
evolution of the Ca* concentration at the channel
mouth, and on the basis of curve fitting, to express this
Ca?" concentration as an empirical function of time, for
subsequent use in simulations based on a larger spatial
grid. Short range diffusion of Ca?" into the cytosol was
simulated according to the method of Smith and
coworkers [20] (see Methods), using parameters for
buffer characterization and composition given in Table 1.
We defined the space for Ca?" diffusion close to the
channel mouth as an hemisphere made of 166
concentric shells, with a spatial discretization of Ar =
é6nm (the choice of an hemispheric geometry is justified
by the fact that, for such short-range diffusion, the
membrane of the Ca?" reservoir locally creates a quasi-
planar barrier to the diffusion of cytosolic molecules).

© Harcourt Brace & Co. Ltd 1998
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The basal Ca’* concentration was set equal to 40 nM.
Figure 3 shows the kinetics of Ca* accumulation in the
central hemisphere after channel opening (the central
hemisphere with its 12 nm diameter was considered to
reflect the dimensions of the cytosolic domain of the
channel), as well as its decay after channel closure. The
Ca?" point source was supposed to contribute a 0.1 pA
current (see above). It can be seen that, once the channel
opens, the Ca* concentration very rapidly reaches a
rather high value, around 110 pM (characteristic rise
time less than 1 ps). It is also apparent that after channel
closure, the Ca?" decay curve is multiphasic, with an
initial fast decay over the first few microseconds (note
the short time scale in Figure 3: Ca?* at the channel mouth
drops to submicromolar values within much less than a
millisecond). The Ca?* concentration at the channel mouth
(in the central sphere of 6 nm radius) is almost
indistinguishable from the average Ca** concentration
calculated in a central sphere of 100 nin radius after about
15 us (not showny}. Thus, within this short time period of 15
us, the Ca** concentration was fitted to a biexponential
function for subsequent stochastic simulations based on a
larger spatial grid (the radius of the central sphere will be
100 nm). In those simulations, we will consider that the
Ca?* concentration close to the channel mouth (whose
estimation is required to compute the probability of Ca*
binding to activating and desensitizing sites) obeys the
following rule: once the channel opens, the Ca*
concentration instantaneously reaches its plateau value;
when the channel closes, the bi-exponential function
(defined in the caption to Fig. 3) describes the fast Ca**
decay. The same simulation was repeated to determine the
evolution of Ca?* when 50 pM of an exogenous Ca*-
sensitive dye, Calcium Green-1 (whose assumed properties
are also summarized in Table 1) was added to the cytosolic
medium, and a new set of parameter values for the bi-
exponential function was obtained by curve fitting (result
not shown).

Before turning to the actual stochastic simulation of an
isolated channel in a cytosolic environment, we also
evaluated, with the same deterministic approach as
above, whether the channel activity was likely to be
detectable under experimental conditions, i.e. when the
average Ca?* concentration is measured in a macroscopic
volume, of the order of the femtoliter (see below). For this
purpose, we evaluated long-range diffusion away from
the channel mouth: the space for Ca?* diffusion was now
defined as a complete sphere made of 20 concentric
shells of 100 nm thickness each (the radius of the largest
shell was thus 2 pm; this choice of complete spheres was
made because their dimensions now largely exceed the
thickness of the tubules of the endoplasmic reticulum).
The diffusing space was again supposed to contain an
initial basal Ca?* concentration of 40 nM, as well as
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Fig. 4 Ca? concentration in a macroscopic (0.9 fi) cytosolic
volume surrounding a Ca? point source. The simulation considered
a Ca?* point source generating, during 100 ms, a current of 0.1 pA
into a cytosolic medium described here by a spherical space made
of 20 shells of 100 nm thickness each. The basal Ca?
concentration was set to 40 nM (dashed line). Ca?* diffusion was
simulated according to Equation 7. The curves (solid lines)
represent the average Ca?* concentration in the six central shells
(600 nm total radius), corresponding to a 0.9 fl volume. The curves
were obtained assuming an endogenous buffer composition as
defined in Table 1, either in the absence or in the presence of 50
uM Calcium Green-1, as indicated.

homogeneously distributed endogenous buffers, defined
in Table 1; the same Ca?* source was placed in the center.
Since ‘elementary’ or even ‘fundamental’ events of InsP.-
dependent Ca** release are nowadays recorded from
femtoliter volumes in the presence of Ca*-sensitive
indicator dyes [1], we computed the kinetics of Ca*
accumulation into the 6 central shells after channel
opening, as well as its decay after channel closure: these
6 shells with a total radius of 600 nm, correspond to a
volume of 0.9 fl. The channel was supposed to provide,
during the first 100 ms, a constant Ca** source (o) equal
to 5.73 x 107 mol/s (which corresponds to the 0.1 pA
unitary current of the InsP,-sensitive Ca? channel).
Figure 4 shows the results obtained, both in the absence
(upper curve) and in the presence (lower curve) of 50 uM
Calcium Green-1. In the absence of any exogenous dye,
under conditions where the basal Ca?" concentration was
40 nM, the mean Ca?* concentration in the 0.9 fl volume
rose to more than 300 nM upon channel opening, and
the time required to attain the half maximal amplitude,
t,,,, was about 11 ms, both in the rising phase, when the
current was turned on, and during its decay, current
turned off. In the presence of 50 uM Calcium Green-1,
which acted as a mobile Ca?* buffer, the amplitude of the
Ca? rise was reduced to about 50 nM above the basal
value, and the kinetics of the Ca?* concentration changes
were accelerated, as indicated by a t,,, value of about 5
ms. This smaller amplitude of 50 nM is, nevertheless,
compatible with the experimentally observed Ca*
signals corresponding to the so-called ‘blips’ [1,42].
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Fig. 5 Stochastic simulation of the model under physiological
conditions: evolution of the channef states, with respect to InsP,
and Ca?* binding. The stochastic simulation considered the channel
placed in a cytosolic medium described by a spherical space, again
made of 20 shells of 100 nm thickness each. The basal Ca?
concentration was set to 40 nM, and only endogenous buffers were
considered (with the characteristics indicated in Table 1). The InsP,
concentration was set to its K, value (1 uM). (A) 10 s traces of (i)
the activity state (1 and O refer to open and closed states, respec-
tively) and of the occupancy of the channel sites by (i) InsP, (iii)
activating Ca?* ions and (iv) desensitizing Ca* ions. (B) Same
traces as in (A), plotted on an expanded time scale.

Stochastic simulation of an isolated channel
in the cytosol

The model developed above now allows us to simulate a
single channel in a realistic physiological environment.
The cytosol was again simulated by considering 20
concentric shells of 100 nm thickness each (the total
radius was thus 2 pm), initially containing a basal Ca?*
concentration of 40 nM; the diffusing space was
supposed to contain physiological concentrations of
endogenous buffers, and the Ca?* concentration sur-
rounding the largest shell was maintained at 40 nM. A
channel was placed in the center of the sphere, and InsP,
was supposed to be present at a half-saturating
concentration. When the channel opened, it contributed
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a current of 0.1 pA. Figure 5A shows a 10 s run
simulating the stochastic transitions between the various
states of the channel. As expected from the relatively
slow rate of InsP, dissociation (k_ = 5 s7), the InsP,
bound state (second line in Fig. 5A) was more stable than
the Ca?* bound states (third and fourth lines in Fig. 5A).
Ca? binding to the desensitizing sites (fourth line in Fig.
5A) was a relatively rare event, which generally followed
the opening of the channel (first line in Fig. 5A) because
of the higher Ca? concentration at the channel mouth
after its opening (in this case, the maximal rate of Ca?"
binding to these sites, k, .Ca?__ . was 29 s).

An attractive finding was that the channel presented
bursts of activity, resulting from repetitive openings of
the channel (see first line in Fig. 5A, and the same results
plotted on an expanded time-scale in Fig. 5B). This
phenomenon can be interpreted as the consequence of
the high Ca** concentration at the channel mouth just
after channel closure, which makes rebinding of Ca?* at
the activating site a likely event. The mean duration of
the closed state within one such burst of activity was
found to be very short (mean closed time equal to 8 ps).

Stochastic simulation of the time course of Ca?
accumulation in the same spherical volume of 0.9 fl as
above was then performed, now letting the channel
flicker between its open and closed states. Three distinct
traces, simulated in the absence of any indicator dye, are
shown in Figure 6A, with a time origin in each case
corresponding to the beginning of the activity burst. We
previously showed (Fig. 5), that repetitive opening of the
Ca?* channel could occur under physiological conditions.
It appears in Figure 6A that these repetitive openings
lead to transient rises in Ca?* concentration (as measured:
in our femtoliter spherical volume) which last much
longer (up to several tens of milliseconds) than would be
expected on the basis of the experimentally found mean
open time of the channel (2.9 ms, as measured in bilayer
experiments, see above). These long durations in the
simulated traces are reminiscent of those in the
experimentally observed Ca*" ‘blips, corresponding to
Ca? rises in femtoliter volumes of cytosol at low InsP,
concentrations [1} {note that in our simulations of the
behaviour of isolated channels, the same activity bursts
show up both at high and low InsP, concentrations, but
of course with different frequencies). Since an activity
burst is produced by channel flickering between the
open state R,,; and the short-lived closed state R,,, we
defined the burst ‘length’ as the time interval between
the first channel opening and the transition to a state
different from R,,, or R,,,. This burst length is a random
variable which was characterized by the analysis of 300
events. The distributions of the number of channel
openings per activity burst and of the burst length are
shown in Figure 6B,C, respectively. On average, a burst
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Fig. 6 Stochastic simulation of Ca* transients in a macroscopic (0.9 fl) cytosolic volume, in the absence of exogenous buffer. The
stochastic simulation, performed under the same conditions as in Figure 5, was repeated to generate 300 bursts of channel activity; during
each of these bursts, the average Ca?* concentration in a 0.9 fl volume (the 6 central shells) was calculated, and statistical analysis was
performed. (A) Three activity bursts were selected in order to show the time courses of the corresponding rises in Ca?* concentration, and
shown with their time origin aligned. (B) Distribution of the number of channel openings during an activity burst. (C) Distribution of the burst
length. (D) Distribution of the maximal or ‘peak’ Ga?* concentration attained during a burst.

comprised 6 channel openings, and lasted about 26 ms.
For the long-lasting bursts, Ca?" concentration attained a
plateau value close to 300 nM, which is in agreement
with the previous results obtained with the deterministic
approach (Fig. 4). Only the shortest bursts of activity
were characterized by lower Ca?" amplitudes, because of
the time characteristic of Ca** accumulation. For this
reason, the amplitude of the rise in Ca?* concentration
during a burst presented a bell-shaped distribution, with
a mean value for the peak Ca* concentration equal to
201 nM (Fig. 6D).

Since Ca?* ‘blips’ were experimentally observed after
including Ca? fluorescent dyes in the cytosol, we
repeated the stochastic simulation of the system under
these conditions (Fig. 7). As expected from Figure 4, the
inclusion of these additional mobile buffers (50 uM
Calcium Green-1) reduced the amplitude of the rise in
Ca?* concentration upon channel opening, as well as the
average number of channel openings per burst (to about
3) and the length of the burst (to about 14 ms) (compare
Fig. 6B,C,D and Fig. 7B,C,D). However, channel repetitive
opening was still present, again leading to bursts of
activity of much longer duration than expected on the
basis of the channel mean open time. Figure 7A
demonstrated that the set of parameters used may lead
to blips lasting up to several tens of milliseconds and
exhibiting an increment in Ca?* concentration of about
40 nM. These simulated results satisfactorily reproduce
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experimental observations [1]. We thus propose that the
blips experimentally observed wunder physiological
conditions in the presence of 50 uM Calcium Green-1 are
explained by repetitive opening of a single Ca?* channel.

DISCUSSION

The present simulations were originally performed with
the final aim of simulating the mutual influence of
channels clustered in what has been called a ‘puff’ site.
This initial aim is still being pursued, but preliminary
elaboration of a minimal model for an isolated single
channe] already led us to an unexpected result, which is
the subject of the present report. Under ‘realistic’
conditions for the buffering capacity of the cytosol, such
a simulated isolated channel inside the cytosol was found
to display bursts of activity, arising from repetitive
openings. In our model, where Ca?* binding to activating
sites (or its dissociation) is responsible per se for channel
opening (or closing), these repetitive openings are due to
the fact that Ca?* ions diffusing away from the channel
mouth after its closure in fact diffuse slowly enough to
allow rebinding with a significant probability. These
simulated results were obtained with a simple molecular
model which might not be the exact description of the
InsP,-sensitive channel (for instance, InsP, binding might
well be co-operative, and there might be some necessary
order in the binding of InsP, and Ca®* (see [43]).
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Fig. 7 Stochastic simulation of Ca? transients in a macroscopic (0.9 fl) cytosolic volume in the presence of 50 M Calcium Green-1. The
stochastic simulation was performed under the same conditions as in Figure 6, except that 50 uM Calcium Green-1 was added to the

physiological buffer, with the characteristics shown in Table 1.

Nevertheless, these repetitive openings of the channel
are the mere consequence of channel activation by Ca®*,
irrespective of the detailed mechanism for this activation.
In fact, using a related but different stochastic approach
as well as a different model, Stern and coworkers
independently arrived at a similar conclusion for the
ryanodine-sensitive channel (see Fig. 17 in [44]).

As stated under Results, we suggest that these
repetitive openings could explain why previously
observed blips, considered to correspond to opening of
single channels [1], have an apparent duration much
longer than what would be expected on the basis of
bilayer characterization of the InsP,-sensitive channel. In
fact, from our simulations in Figures 6 and 7, it appears
that under in vivo cytosolic-like conditions, ie. in the
absence of exogenous mobile buffers, bursts of channel
activity might be even more prominent. These long
bursts of activity appear to be simply due to the relatively
slow Ca?* diffusion in the cytosol, and do not require for
explanation any regulatory difference in the state of the
InsP, receptor under in vitro and in vivo conditions.

As shown in Figure 7D, the distribution of the simulated
maximal Ca?** concentrations reached by the blips was
bell-shaped. This distribution is reminiscent of the
experimental results reported by Parker and coworkers [1].
These authors proposed that the approximately Gaussian
shape of the experimental distribution was due either to a
roughly constant amount of Ca?* released in each blip, or
to the possibility that many undetectable blips had been
ignored. In contrast, our simulation shows that such a
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distribution can be obtained simply as the consequence of
the fast rising phase of Ca* accumulation: thus, although
the blip duration and the total amount of Ca?* released
during the blip may vary widely, the Ca2* plateau attained
by these blip does not change to the same extent.

It must be noted that although all parameter values
used here to mimic these blips were deduced from
experimental measurements (Table 1), the reasonable
agreement observed between simulated behaviour and
experimental facts critically depends on these values. In
particular, as shown in Figures 6 and 7, the amplitudes
and rising times of the simulated blips are highly
sensitive to the characteristics assumed for the Ca*
indicator Calcium Green-1. Independently of stochastic
simulations, this can also be easily recognized on the
basis of simple deterministic simulations (like the one in
Fig. 4) of the Ca* rise resulting from channel opening.
Thus, Table 3 explores the effect of making various
assumptions for different parameters. Situation (a)
corresponds to the hypotheses in Figure 7 (as also used
for the lower curve in Fig. 4), in which the simulated blips
were obtained assuming that the diffusion coefficient of
Calcium Green-1 was equal to the diffusion coefficient
experimentally measured for Fura-2 in a cytosolic
medium, ie. 31 pm?s [31], and that the K, value for
Calcium Green-1 was 2-3 times higher (see e.g. [29,30])
than its value measured in water [28]. Situation (b)
corresponds to an assumed K, value of 270 nM for
Calcium Green-1 (as used in [27]), cotresponding to the
value measured in water without correction for binding
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Table 3 Effect of the assumed characteristics of Calcium Green-1
on the kinetics of simulated transient accumulation of Ca? into a
0.9 fl volume

Situation Ca®t Green-1 Maximal t
characteristics amplitude

K, (M) D (um?s) nM ms
a (Fig. 7) 700 31 45 45
b 270 31 23 4
[ 270 8 81 10
d 270 0 291 34
e (Fig. 6) no Calcium Green-1 299 1

to cytoplasmic components: in this case, the maximal
blip amplitude predicted would drop to only 23 nM
above the basal level (situation (b)), and such a low
amplitude might be below the detection level. On the
other hand, situation (c) corresponds to the situation
where, since most of Calcium Green-1 (94% in muscle
fibers, according to [30]) appears to be bound to
cytoplasmic components and, therefore, does not diffuse
in the cytoplasm more rapidly that the components to
which it is bound, its apparent diffusion coefficient was
assumed to be lower than that in Table 1: for instance, if
Calcium Green-1 were to move as slowly as actually
measured in muscle fibers, its apparent diffusion
coefficient would be reduced down to 8 um?/s (see Table
3 in [30]), and the maximal Ca®* signal would then
increase to 81 nM, while the kinetics of Ca?* accum-
ulation would appear to be slower. Finally, the amplitude
of the Ca?* signal would become even higher if the Ca?t
indicator were completely immobilized (situation (d)).
This would correspond to a mere increase in the
concentration of stationary buffers, and, as previously
shown [45], such an increase would reduce both the
effective current, in terms of free Ca®*, and the effective
rate of Ca** diffusion, with the result that the kinetics of
Ca2* accumulation would be slowed down but, the
steady state would remain virtually unchanged (compare
the characteristics of situation (d) with those obtained in
the absence of Ca? indicator, i.e. situation (e)). Thus, as
suggested in previous works [10,20,45], the simulated
effect of added Calcium Green-1 under the assumption
of Table 1 (situation (a)) appears to be mainly due to its
being a mobile buffer: such mobile buffers contribute to
faster Ca? dissipation by diffusion, leading to lower
values of Ca?* steady state rises and shorter rise times.
Although the simulated burst lengths shown here are
compatible with those of experimental blips, our simu-
lated blips present, in agreement with other theoretical
simulations [20,27], Ca** decay phases much faster than
the ones experimentally observed. The characteristic time
of a simulated Ca?** decay is about 10 ms (Fig. 7A), whereas
experimental decay curves exhibit a characteristic time of
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about 100 ms [1]. Since the decay rate is only due to
diffusion, this discrepancy might point to a misunder-
standing of the characteristics of this diffusion. One
appealing possibility might be that the cytosolic medium
presents physical barriers to macroscopic diffusion. Such
a possibility is substantiated by a previous numerical
study of the Ca? dynamics close to the plasma mem-
brane Ca?* channels in smooth muscle cells [17], in
which the effect of imposing a barrier to free Ca*
diffusion was investigated. This barrier, possibly
corresponding to an intracellular organelle, was defined as
a region in which the diffusion coefficient of Ca** was 10
times lower than in the rest of the cytoplasm, and was
supposed to be located about 100 nm away from the
plasma membrane. Under such conditions, it was shown
that, due to the opening of a single plasma-membrane
Ca** channel, high concentrations of Ca? developed in
the restricted diffusion space between the plasma
membrane and the intracellular organelle, and an elevated
Ca?* level persisted for 100-200 ms. This interesting
possibility has not been included in our model, but would
solve the apparent discrepancy mentioned above.
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