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Abstract

We have constructed a stochastic model of the inositol 1,4,5-trisphosphate receptor-Ca2+ channel that is based on quantitative measure-
ments of the channel’s properties. It displays the observed dependence of the open probability of the channel with cytosolic [Ca2+] and
[IP3] and gives values for the dwell times that agree with the observations. The model includes an explicit dependence of channel gating
with luminal calcium. This not only explains several observations reported in the literature, but also provides a possible explanation of
why the open probabilities and shapes of the bell-shaped curves reported in [Nature 351 (1991) 751] and in [Proc. Natl. Acad. Sci. U.S.A.
269 (1998) 7238] are so different.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) is
a ligand-gated intracellular Ca2+ release channel that plays
a central role in modulating (free) cytoplasmatic Ca2+ con-
centration and which provides a link between events at
the plasma membrane and Ca2+ release from intracellular
stores. IP3 receptors are regulated mainly by Ca2+, IP3 and
ATP. Structurally, an IP3R is composed of four subunits
which form a single ion-conducting channel[3–5]. Three
mammalian IP3R subtypes (types I–III) are known. The sub-
types are closely related (∼70% amino identity), but they are
differentially expressed and differ in their affinities for IP3
[6]. Most cells express several IP3 subtypes, but they almost
invariably express some type I receptors. The dynamic be-
havior of the IP3R-ion channel has been studied by different
methods. Bezprozvanny et al.[1] used reconstituted bilay-
ers to obtain single channel records of the type I IP3R, from
which they could infer the (steady state) open probability.
From these studies, they concluded that the open probabil-
ity was an increasing function of [IP3] [7]. They also found
that cytosolic Ca2+ played a dual role: while for relatively
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low cytosolic Ca2+ concentration ([Ca2+]c), the open prob-
ability was an increasing function of [Ca2+]c, it became a
decreasing function for larger values of [Ca2+]c. The same
type of behavior had already been observed in[8] and sim-
ilar conclusions were drawn almost simultaneously in[9].
Qualitatively similar behaviors were also observed in exper-
iments done on other cell types using different techniques
(see, e.g.[2,10,11]).

Several models of the IP3R have been presented in the lit-
erature to account for some of the experimental observations
[12–14]. In particular, the De Young–Keizer model[12],
was able to reproduce the open probability observed in[1],
more specifically, its bell-shape as a function of [Ca2+]c. Re-
cent experimental results[15] have challenged some of the
features of the De Young–Keizer model. This disagreement
might be attributed to the fact that the De Young–Keizer
model was designed to fit the observations of a subtype of
the IP3R that is different from the one used in the experi-
ments of[15]. However, there are various observations of the
same subtype that report apparently conflicting results (see,
e.g.[16]). For example, single channel records obtained us-
ing the patch-clamp technique on a native membrane (the
membrane of the nucleus of aXenopusoocyte)[2,10] have
shown an open probability for the type I receptor that is an
increasing function of [IP3] and that increases and decreases
as a function of [Ca2+]c, but which has a shape that does
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not resemble the bell shape obtained in[1]. Furthermore, for
similar [IP3], the maximal open probability, as a function
of [Ca2+]c, is very different: while this maximum value is
around 0.15 in[1], it reaches the value 0.8 in[2]. The max-
imum open probability (Pmax

o ) for the type I receptor is also
relatively large (∼0.5) in the experiments of[11]. In [2], a
bell-shaped open probability may be observed but for IP3
concentrations that are much lower than those used in[1].
As we argue in this paper, we think that these discrepancies
could be due to the different luminal calcium concentrations
that are used in the different experiments. We recognize that
some of the observed differences might be due to the fact
that some of the experiments use a native membrane while
others use reconstituted planar bilayers, and this may result
in the presence of different accessory proteins in both exper-
imental types which might affect the kinetic behavior of the
receptor. However, as we discuss later, we think that there
is reasonable evidence for the plausibility of our hypothe-
sis. Besides, it is important to mention that if we compare
the open probabilities reported in[11] and in [1] there is
a three-fold change in their maximum value, although both
experiments are done using bilayers. Both experiments dif-
fer in the value of the luminal calcium concentration that is
used. Furthermore, assuming that the kinetic properties of
the receptor are affected by luminal calcium we are able to
describe within a unified frameset not only these two types
of experiments but also some recent observations obtained
in experiments with ultralow luminal calcium[17].

Various experiments[11,16–20]suggest that the activity
of the receptor depends on luminal calcium. In particular,
the experimental results of[19] for the type I isoform imply
that the open probability increases as [Ca2+]lum decreases.
This is in agreement with the experiments of[20] in which
the open probability of the type I IP3R is studied in planar
bilayers for various values of [Ca2+]lum. The observations
of [19,20] regarding the dependence of the open probability
on luminal calcium are also compatible with more recent ex-
periments reported in[17]. Finally, these observations also
agree with those reported in[11] in which the maximum
open probability is larger than the one in[1] (for similar
[IP3]), one of the differences between both experiments be-
ing [Ca2+]lum (which is smaller in[11] than in[1]). Thus,
one interpretation that is compatible with all these observa-
tions is to assume that the open probability depends on both
[Ca2+]lum and [Ca2+]c in such a way that, for fixed [Ca2+]c,
it is a decreasing function of [Ca2+]lum (at least for a certain
range of [Ca2+]c) and for fixed and low enough [Ca2+]lum
is an increasing function of [Ca2+]c (up to very large values
of [Ca2+]c).

To analyze whether the various results described before
can be interpreted within a unified framework if luminal
Ca2+ is taken into account, we develop in this paper a model
of the IP3R with a luminal calcium binding site. In this
way, the gating of the receptor (and its open probability)
is directly affected by [Ca2+]lum. This is not the first time
that the existence of a luminal Ca2+ binding site has been

proposed (see, e.g.[16]). However, we do not know of any
actual mathematical implementation of a model with this
feature. Therefore, our model provides the first mathematical
test of what a luminal Ca2+ binding site could do.

2. Model and methods

2.1. The model

We show inFig. 1 a schematic picture of the model we
study in this paper, and, inTable 1, the parameter values for
the various constants with which we could reproduce the
experimental observations. As described inSection 1, one
of the distinctive features of the model is the existence of a
luminal Ca2+ binding site. For simplicity, we consider only
one such binding site. Given the experimental observations,
according to which the open probability is an increasing
function of [IP3] and is not a monotone function of [Ca2+]c,
we also consider two cytosolic Ca2+ binding sites (one in-
hibitory and one activatory) and one IP3 binding site, also
on the cytosolic side.

The fact that, for fixed [Ca2+]c, the open probability de-
creases as [Ca2+]lum is increased may be a consequence of
a decreasing affinity of the inhibitory site with increasing
[Ca2+]lum. The observation of[19] according to which high
levels of intraluminal Ca2+ decrease the mean open time of
the channel supports this possibility. Thus, we decided to
develop a model in which the inhibitory cytosolic Ca2+ site
is not available for binding all the time. Namely, the channel
“shows” the inhibitory Ca2+ site on the cytosolic side only
when the luminal calcium site is occupied. Thus, inhibition
is hierarchically dependent on [Ca2+]lum and [Ca2+]c in our
model: if [Ca2+]lum is very low, then the channel will almost
never inhibit, independently of the value of [Ca2+]c. In this
way we can also explain the recent experiments described in
[17] according to which the open probability remains high
for [Ca2+]c as high as 1 mM if [Ca2+]lum is small enough.

The fact that certain sites are available for binding only
after one ligand is bound to a particular site is characteristic
of sequential models. Sequential models have been proposed
in the past to describe the behavior of the IP3R [15,21–23].
In [15,23], the availability of the Ca2+ binding sites depends
on whether IP3 is bound to the receptor or not. In the models
of [21,22], which were introduced to describe Ca2+ waves,
the inhibitory Ca2+ site is available for binding only after
Ca2+ is bound to the activating site. As explained in[21],
a choice for this type of kinetic model can be made if an
actual conformation change occurs upon Ca2+ binding to
the activating site or if Ca2+ binding to the activating site
occurs so fast that it is very rare to encounter the receptor
with Ca2+ bound to the inhibiting site but not to the activat-
ing site. The models of[21,22] are able to reproduce many
of the observed features of Ca2+ waves. However, the open
probability obtained in[22] does not change with cytosolic
Ca2+ and IP3 as it was later on observed experimentally (see,
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Fig. 1. Schematic picture of the states of the IP3R and their transitions according to our model.

e.g.[2]). Namely, contrary to the observations, the value of
[Ca2+]c at which the maximum open probability occurs is
an increasing function of [IP3] according to the model of
[22]. This is due to an extra simplification introduced in that
sequential model: the fact that the Ca2+ binding sites are
available for binding only when IP3 is bound to the recep-
tor. The De Young–Keizer model, on the other hand, does
predict the correct dependence of the maximum open prob-
ability with [Ca2+]c and [IP3] [12]. This is a model which
is not sequential at all in the sense that each site is avail-
able for binding independently of whether the others are oc-
cupied or not, and it is the existence of a state with Ca2+
bound to both the activating and the inhibiting sites which
is ultimately responsible for the behavior of the maximum
open probability described before. In the De Young–Keizer
model the rate constant for IP3 binding is much larger than
that of Ca2+ binding to either the activating or the inhibiting
sites. In spite of the disparity of reaction rates, a sequential
model in which Ca2+ binding can occur only if IP3 is bound
cannot capture all the observed behaviors. This is so because
the pace at which binding occurs also depends on the ligand
concentration. Thus, if the choice of a sequential model is
based on a timescale separation and the ligands that are in-
volved in the various steps of the sequence are different, the

Table 1
Transition probabilities of the model

Loop ms−1 O branch ms−1 Ô branch ms−1

W[A01 → A00] 0.022 W[Oa → Ob] 0.133 W[Ôa → Ôb] 0.5
W[A10 → A00] Detailed balance W[Ob → Oc] 0.07 × [Ca2+]lum W[Ôb → Ôc] 5 × [Ca2+]lum

W[A11 → A10] 0.667 W[Oc → Ia] 1.6 W[Ôc → Sa] 5
W[A11 → A01] 0.018 W[Ia → Ib] 0.06 × [Ca2+]c W[Sa → Sb] 5 × [Ca2+]c

W[A00 → A01] 5 × [Ca2+]c W[Ib → Ia] 0.01 W[Sb → Sa] 0.02
W[A00 → A10] 6.67 × [IP3] W[I a → Oc] 0.4 W[Sa → Ôc] 0.25
W[A10 → A11] 0.5 × [Ca2+]c W[Oc → Ob] 2 W[Ôc → Ôb] 0.15
W[A01 → A11] 6.67 × [IP3] W[Ob → Oa] 1.5 W[Ôb → Ôa] 0.1
W[A11 → Oa] 0.55 W[Oa → A11] 0.33 W[Ôa → A01] 0.5
W[A01 → Ôa] 0.00035

All concentrations in�M.

timescale separation can cease to hold for certain concen-
trations. Sequential models are appealing because of their
relative simplicity, however, the above discussion shows that
their use is somewhat delicate. In our case, we tried to keep
the model as simple as possible, which led us to organize
certain steps in a sequential manner, even if the ligands could
be different. However, we tried to reproduce a large vari-
ety of observations at the same time. Therefore, we tried to
combine simplicity with the ability to reproduce as most ob-
servations as we could. Further experiments may prove that
some of our current choices are wrong, but this is how the
field can advance.

The IP3R undergoes a large scale conformational change
[4,5] upon switching from closed to open. Most previ-
ous models of the type I IP3R, with some few exceptions
[14,21,23] assume that conformation changes occur in-
finitely rapidly [12,13]. In these models there is a one to
one correspondence between each state of the receptor and
the occupation of the binding sites. Here we assume that
major conformational changes take a finite time after lig-
and binding and unbinding. This is similar to models of
the acetylcholine receptor[24]. In particular, the transition
rate from the fully liganded state to the open state of the
acetylcholine receptor estimated in[24] (=0.714 ms−1) is
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Fig. 2. Simulated IP3R channel current for [Ca2+]lum = 0.3�M, [IP3] = 10�M, and various values of [Ca2+]c. Arrows indicate the zero current level.
We observe that, while [Ca2+]c does not exceed a threshold value, the channel opens more frequently as [Ca2+]c is increased and when [Ca2+]c is
increased beyond the threshold value, the frequency of openings starts to decrease. In (A) the states{Ôa, Ôb, Ôc} are treated as open and in (B) they
are treated as closed. For each value of [Ca2+]c used in this figure, the records in (A) and (B) are statistically equivalent. The differences in the current
traces are manifest only for very low [IP3].

of the same order of magnitude as the transition rate de-
scribing the conformation change to the most relevant open
state of our model (W[A11 → Oa] in Table 1). We assume
that these transitions between conformations are modulated
by ATP, but the simulations we present here are done with
fixed [ATP] = 500�M. We will discuss ATP modulation
in a future paper.

Recent experiments indicate that the channel can open in
the absence of IP3 for low enough [Ca2+]c [25]. This result
can be incorporated within the model or not depending on
whether theÔ states of the model correspond to open or
closed conformations. In agreement with the experimental
observations, the probability that the channel is in one of the
Ô states is quite low. Thus, most of the single channel records
that the model generates are insensitive to whether theÔ
states are treated as open or closed (seeFig. 2). The primary
features of the model we present here are the luminal Ca2+
binding site and the finite transition rates between major
conformations. If these primary features hold up, then future
experiments can be used to settle delicate questions such as
whether theÔ states should be treated as open or closed.

We see inFig. 1 that, in the unliganded conformation
(A00), only the IP3 and the activatory Ca2+ binding sites are
available for binding. If these two sites are occupied (A11)
then the channel can make a transition to one of its open
conformations (Oa). From this state, the channel can fur-
ther change its conformation exposing, then, the regulatory
Ca2+ binding site to the luminal side (state Ob). If a Ca2+
ion binds to this site, then, the channel can close. As before,
we assume that the pore does not close immediately upon

binding but rather that the ligand promotes a conformation
change to a closed or inhibited state, Ia. As depicted inFig. 1,
when the channel is in the Ia state, the inhibitory cytosolic
Ca2+ site becomes available for binding. It is important to
stress that before this cytosolic site becomes “exposed” the
channel is closed. The implication of this choice is discussed
later. As shown inFig. 1, the model has two branches, one
“born” from the A11 state that comprises the states men-
tioned before, and the other one that branches off the A01
state (one Ca2+ bound to the activating site). The space of
states that branches off the A01 state is similar to the one
that starts from A11, but with very different rate constants.

Before deciding to work with the model ofFig. 1we also
studied the behavior of a similar model but with the “second
branch” starting on the A00 state rather than the A01 state.
Most of the results that we show in the following section
about the open probability and mean open and closed times
remained unaffected with the exception of one: the [IP3]
dependence of the value of [Ca2+]c ([Ca2+]max

c ) at which
the maximum open probability occurs. This value of [Ca2+]c
only increases with [IP3], in agreement with the experiments,
in the model with the second branch starting from the A01
state. This is why we decided to keep the model ofFig. 1.

2.2. Numerical simulations

In order to probe the ability of the model to reproduce the
observations, we simulated the Markov process whose state
space is described byFig. 1, using continuous time with a
resolution of 0.1 ms. The stochastic procedure is as follows.
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Assume that at timet the channel enters the A00 state. Two
possible transitions can occur: to state A01 (if cytosolic Ca2+
binds to the IP3R), with transition probability per unit time
W[A00 → A01] and to state A10 (if IP3 binds to the IP3R),
with transition probability per unit time W[A00 → A10]. In
order to decide which transition occurs and at what time,
we take the minimum of two exponentially distributed ran-
dom variables:t1, with mean 1/W[A00 → A01] and t2, with
mean 1/W[A00 → A10]. For example, ift2 = min{t1, t2} =
10.5 ms, then the channel stays in state A00 for 10.5 ms after
which it makes a transition to the A01 state. The transition
probabilities we use are inTable 1. We chose these values
so that the model gives results similar to the experimental
observations of[2,26] for [Ca2+]lum = 0.3�M, [ATP] =
0.5 mM, [IP3] = 10�M and various values of [Ca2+]c. The
values of the concentrations, [IP3], [Ca2+]lum, [Ca2+]c, were
chosen for each simulation depending on the experiment that
we were trying to simulate.

We show in Fig. 2 some of the time series we ob-
tained from our stochastic simulations for [IP3] = 10�M,
[Ca2+]lum = 0.3�M and various [Ca2+]c, assuming the
same (fixed) current for all open states. The traces shown
in (A) were generated assuming thêO states are open.
Those in (B) were generated assuming theÔ states are
closed. For these values of IP3 and [Ca2+]c, the current
records obtained in both cases are statistically equivalent.
As discussed previously, most of the single channel records
that the model generates are insensitive to whether theÔ
states are treated as open or closed. The main difference
occurs for low [Ca2+]c in the absence of IP3. In such a
case, if theÔ are treated as open then the model channel
opens for very low [Ca2+]c in the absence of IP3. If they
are treated as closed the model will not open under those
conditions.

Fig. 3. Open probability as a function of [Ca2+]c for [IP3] = 100, 10, 1�M, 100 and 10 nM. We show in all cases the analytically obtained stationary
probability (solid line). For [IP3] = 100�M, we also show the mean and standard deviation over 3 realizations of the stochastic model (circles).

2.3. Statistics

The stationary open probability can be found analytically
from the master equations of the model. We show the re-
sults of that calculation in most of the figures, and, in some
of them, the one that can be estimated by averaging over
several (usually 3) stochastic simulations. In the case of the
mean open and closed times we present the results from the
stochastic simulations only.

3. Results

3.1. Open probability: [Ca2+] c and [IP3] modulation

We show inFig. 3, the stationary open probability as a
function of [Ca2+]c for various [IP3] (100, 10, 1�M, 100
and 10 nM) and for fixed [Ca2+]lum = 0.3�M (solid lines).
For the sake of comparison, we also show the results from
the stochastic simulations for [IP3] = 100�M (symbols).
The way the maximum open probability,Pmax

o , changes with
[IP3] is similar to the one reported in[2,7]. Namely, as
observed in those papers,Pmax

o increases with [IP3] until it
reaches a saturating value. The value of [Ca2+]c at which
Po([Ca2+]c, [IP3]) = Pmax

o also behaves as observed in the
experiments. Namely, it increases with [IP3]. Furthermore,
the values ofFig. 3 are very similar to the data reported in
[2], for the same [Ca2+]lum.

Recent experiments done using lipid bilayers have shown
that mutants of the IP3R with lower affinity for Ca2+ in
the putative Ca2+ sensor region also display a bell-shaped
open probability as a function of [Ca2+]c [27] but where
both the [Ca2+]c at which Po = Pmax

o and the range of
[Ca2+]c for which Po is non-negligible correspond to larger
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Fig. 4. Open probability as a function of [Ca2+]c for [IP3] = 100�M and [Ca2+]lum = 100�M. The circles correspond to realizations obtained with
the parameters ofTable 1, while the crosses and triangles correspond to realizations obtained by changing the cytosolic Ca2+ binding parameters. The
notation is the same as in[27].

[Ca2+]c values than those of the wild type. Our model is
able to reproduce this observation. In fact, if we use [IP3] =
100�M, [Ca2+]lum = 100�M, and decrease W[A00 →
A01], W[A 10 → A11], W[Sa → Sb], W[I a → Ib], by a fac-
tor of six, the open probability curve shifts to the right, hav-
ing its maximum at [Ca2+]c ≈ 2�M as observed in[27].
MeanwhilePmax

o , as shown inFig. 4, can either remain con-
stant (as in the case of the E2100Q mutation) or decrease (as
in the case of the E2100D mutation) depending on whether
the factors by which the probability of binding to the acti-

Fig. 5. Open probability as a function of [Ca2+]c for zero IP3. Results from individual stochastic simulations (circles) and stationary probability obtained
analytically from the model (solid line).

vatory and to the inhibitory sites are decreased are the same
(E2100Q) or lightly differ between themselves (E2100D).

We show inFig. 5, the open probability obtained from
our stochastic simulations (each cross representing a single
simulation) in the absence of IP3, and the stationary open
probability obtained analytically from the model (solid line)
if the Ô states are assumed to be open. As may be observed,
in accordance with the reports of[25], the open probabil-
ity is very low and only significant for very low [Ca2+]c
([Ca2+]c < 100 nM). This supports our previous statement
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Fig. 6. Open probability as a function of [Ca2+]c in the presence [IP3] = 10�M for various values of [Ca2+]lum. Mean and standard deviation over
three realizations (symbols) and analytical stationary open probability (solid line).

according to which whether thêO states are considered to be
open or closed states does not change the results on the open
probability at the [IP3] levels typically used in experiments.

3.2. Open probability: [Ca2+] c and [Ca2+] lum modulation

In this section, we discuss the model’s dependence on
[Ca2+]lum. We show inFig. 6the stationary open probability
as a function of [Ca2+]c for various values of [Ca2+]lum and
[IP3] = 100�M. There we observe that the maximum open
probability,Pmax

o , gets smaller as [Ca2+]lum is increased, and
that the value of [Ca2+]c that maximizes the open probabil-
ity, [Ca2+]max

c , becomes smaller as [Ca2+]lum is increased.
The behavior of [Ca2+]max

c with [Ca2+]lum is consistent with
the observations reported inFig. 3 of [11] where the au-
thors compare the open probability of[1] with the one they
obtain, for the type I receptor, using a smaller [Ca2+]lum.
We also observe inFig. 6 that the open probability curve
becomes more “bell-shaped” and narrower as [Ca2+]lum in-
creases. In particular, the curve we obtain for [Ca2+]lum =
0.3�M is very similar to the experimental one reported in
[2] for this value of [Ca2+]lum, while the one we obtain for
[Ca2+]lum = 100�M resembles the experimental one of[1],
obtained for [Ca2+]lum ∼ 50 mM. We also observe inFig. 6
that, for large luminal calcium concentrations ([Ca2+]lum >

300�M), the receptor becomes “more sensitive” to [Ca2+]c
(there is activity for [Ca2+]c = 10 nM).

Although this has not been studied at the single channel
level, other types of studies show results that agree with this
last observation. Namely, in[18], where a superfusion pro-
tocol is used with permeabilized A7r5 smooth muscle cells,
the authors observe a big response (large calcium release)

if the stores are fully loaded (3400 pmol Ca2+/106 cells),
even if [Ca2+]c is as low as 10 nM, which is consistent with
our observation ofFig. 6. Missiaen et al.[18] conclude that
the channel opens in the presence of IP3 even in the lack of
cytosolic calcium if [Ca2+]lum = 1 or 0.6 mM.

We finally investigated the behavior of the model for ul-
tralow luminal calcium. We show inFig. 7 the open proba-
bility for [Ca2+]lum = 1 nM, and three values of [IP3] = 1,
100 nM, and 10�M. There we can see that the channel does
not inhibit at high cytosolic calcium concentration, which
agrees with the description of[17]. This observation natu-
rally fits in our picture according to which the shape of the
open probability curve as a function of [IP3] depends on
[Ca2+]lum.

3.3. Mean open and closed times

Analysis of open and closed dwell time distributions pro-
vide information on rate constants. By contrast, the station-
ary open probability provides only equilibrium constants.
Dwell time distributions have been obtained in[28] where
it is shown that the mean open time,〈τo〉, lies within a nar-
row range with negligible dependence on [Ca2+]c between
[Ca2+]c = 100 nM and 50�M in saturating IP3, while in
the tails ([Ca2+]c < 100 nM or [Ca2+]c > 50�M) the mean
open time is smaller. The dwell time distribution can be
biased due to limitations in the temporal resolution of the
records. If the nonmonotonic behavior of〈τo〉 as a func-
tion of [Ca2+]c is real (and not due to the time resolution),
then there is a problem: most theoretical models of the IP3R
[12–15]cannot reproduce this behavior. For example, if we
consider the working model of Adkins and Taylor[15], ac-
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Fig. 7. Open probability as a function of [Ca2+]c in the presence of [Ca2+]lum = 1 nM, for [IP3] = 10�M, 100 and 1 nM.

cording to which the only allowed transitions from the open
state involve losing a ligand, then the (well resolved)〈τo〉
should be concentration-independent. On the other hand,
in all other models in which the receptor can also “leave”
the open state by binding Ca2+ to an inhibitory site,〈τo〉
should be a monotonically decreasing function of [Ca2+]c.
Our model with four binding sites would also behave in this
way. However, we have done some preliminary work[29]
that shows that the experimental type of response observed
in [28] can be obtained if the channel is considered to be
formed by four subunits, each of which is described by a
model like the one inFig. 1 (with rate constants different
from those ofTable 1). This way of solving this problem
also provides a means by which subconductances can be
studied. Thus, although our simple model predicts that〈τo〉
is monotone with [Ca2+]c, it is easy to modify it in order to
reproduce the experimental behavior[29].

In spite of the limitations of the four binding site model,
we are interested in analyzing whether it can display other
features of the dwell time distributions, in particular, the be-
havior of the mean open time with luminal calcium. To this
end, we show inFig. 8 the mean open time,〈τo〉, as a func-
tion of [Ca2+]c obtained from simulations with [Ca2+]lum =
0.3, 10, 100, 500, 1000�M. We can see that〈τo〉 is mono-
tone with [Ca2+]c, this agrees with the experimental obser-
vations of[2,28], except for the tails. Also it is interesting to
note that〈τo〉 decreases when [Ca2+]lum is increased, until
it reaches a saturating value (data not shown). The time it
takes for the channel to expose the intraluminal Ca2+ bind-
ing site once it is open (which is determined by the transi-
tion rate W[Oa → Ob]) and the time it takes to make the
conformational change once Ca2+ binds to the luminal site
(determined by the transition rate W[Oc → Ia]) are respon-
sible for this saturating time. The mean open time obtained
by Bezprozvanny and Ehrlich using [Ca2+]lum ∼ 50 mM

(〈τo〉 ≈ 3 ms [19]) is smaller than the one obtained by
Mak et al. using [Ca2+]lum ∼ 500 nM (〈τo〉 ≈ 6 ms [28]).
Our model does display values of〈τo〉 that decrease when
[Ca2+]lum is increased, but the values we obtain are a little
bit smaller than the experimentally observed ones (3.3 ms
instead of 6 ms and 2 ms instead of 3 ms). However, it is
important to remember that we are working with a time res-
olution of 0.1 ms. If the time-series were binned at 0.2 ms
(5 kH), the mean open times would get closer to the experi-
mentally observed ones. The mean closed time, on the other
hand, has a “u-shaped” dependence on [Ca2+]c, achieving
its minimum value at the value of [Ca2+]c at which the
open probability is maximum. For [Ca2+]lum = 300 nM, the
smallest mean closed time is 1 ms and occurs at [Ca2+]c =
10�M. This time is similar to the one observed by the group
of Foskett’s[2,28] (≈2 ms at [Ca2+]c ≈ 10�M). As we in-

Fig. 8. [Ca2+]c dependence of the mean open,〈τo〉, (A) and closed,〈τc〉,
(B) times of the IP3R.
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crease the value of [Ca2+]lum the smallest mean closed time
increases, just opposite to what occurs with the mean open
times. We also remark on two important results. First the
distribution of the open and closed times (dwell times), are
not single exponentials in agreement with the experimental
observations in[28]. Second, the mean open times do not
depend on the IP3 concentration. This agrees with the ob-
servations reported by Hagar and Ehrlich for the type III
IP3R in [30]. These data will be analyzed in more detail
elsewhere.

4. Discussion

The IP3R plays a central role in modulating the free Ca2+
concentration inside cells. Therefore, it is of utmost impor-
tance to unveil the way it works. Single channel records ob-
tained from a variety of experiments have reported appar-
ently conflicting results. We have focused primarily on the
differences in the maximum open probability observed in
[1,11,20]and[2,28] for similar values of IP3 and cytosolic
Ca2+ concentrations and on the shape that the open prob-
ability curve displays as a function of [Ca2+]c for various
values of [IP3]. We have introduced a model of the IP3R
with a luminal Ca2+ binding site which can account for the
apparent discrepancies among these experimental observa-
tions. Moreover, by varying [Ca2+]lum we have been able
to reproduce the main features of the experiments presented
in [2,11,28]and [1], showing that their differences can be
explained in terms of the different luminal calcium concen-
trations used by the different groups.

Various experiments[11,16–20] had already suggested
that the activity of the channel also depends on luminal
calcium. More specifically, the results of[19] implied that
the open probability increased as [Ca2+]lum decreased. As
stated by the authors: “high levels of intraluminal Ca2+ in-
hibit ip-gated channels by decreasing both the frequency of
channel openings and the mean open time of the channels”
[19]. The results of[19] agree with those of[20], where
the authors state that “in contrast to the data at 1 mM trans
(luminal) Ca2+, the channel at 300 nM trans Ca2+ shows
much less spontaneous inactivation, longer open times, and a
higher conductance as well as multiple conductances states”.
These observations are compatible with those of[17] in
which the authors report that exposure of the nuclei they
use for their patch-clamp experiments to ultralow calcium
concentrations prevents the receptor from being inhibited
at high cytosolic calcium concentrations (even as high as
1.5 mM). The bath solution in these experiments is believed
to be in equilibrium with the solution on the luminal side of
the receptor[2]. Therefore, this “lack of inhibition” could
be attributed to the use of a very low [Ca2+]lum. Finally,
all these observations also agree with the results of[11]
which show a larger maximum open probability than the
one in [1] (for similar [IP3]), whereas they use a smaller
[Ca2+]lum.

Assuming that luminal Ca2+ is directly implicated on
the gating of the channel is not the only possibility to de-
scribe a decreasing open probability with [Ca2+]lum. In fact,
Bezprozvanny and Ehrlich presented a skeletal model in
which the effect of [Ca2+]lum on channel gating is mediated
by the Ca2+ current that crosses the channel once it is open
[19]. Namely, if the experiment is done in conditions such
that the Ca2+ current flows from the luminal to the cytoso-
lic side (and this is the case in the experiments reported in
[19]), then the local [Ca2+]c near the channel’s mouth will
remain higher than in the bulk as long as the channel remains
open. The receptor will then sense this local [Ca2+]c and
most probably will close (if the local [Ca2+]c is higher than
the value at which the open probability switches from being
an increasing to being a decreasing function of [Ca2+]c).
Although this type of model could easily explain the fact
that the mean open time should decrease with increasing
[Ca2+]lum, it is not clear how it could explain the smaller
frequency of channel openings reported in[19]. Besides, it
cannot explain the observations of[20] or of [17], in which
the experiments are done in such a way that K+ rather than
Ca2+ is the ion carrier, exactly to prevent calcium induced
calcium release from occurring.

One of the properties that complicates the study of the
IP3R is the fact that it is mainly a Ca2+ channel and Ca2+
is one of its agonists. Therefore, the way the channel works
will be affected by the ionic current that traverses it (un-
less this current lacks Ca2+). It is for this reason that Mak
et al. and other groups[11] do their experiments with very
low [Ca2+]lum, measuring monovalent cation (K+ or Cs+)
rather than Ca2+ currents. Ehrlich’s group, on the other
hand, use divalent cations other than Ca2+ (Ba2+, Sr2+,
Mg2+), to which the channel is permeable[19,30]. The ra-
tionale behind these choices makes sense if Ca2+ binding
sites are only available on the cytosolic side. For exam-
ple, for most of the experiments of Mak et al., if there is
any Ca2+ current, it should flow from the cytosolic to the
luminal side (Bezprozvanny and Ehrlich mention in[19]
that they do not observe current flowing from the cytoso-
lic to the luminal side). Such a current would not affect
the local [Ca2+]c (provided that the local depletion that the
current may cause is replenished by diffusion fast enough)
and so the experiment would correspond to the known bulk
concentration. However, it would affect the calcium con-
centration on the luminal side. If there is an intraluminal
Ca2+ binding site, this Ca2+ current would then affect the
open probability of the channel. We do not know of any
report of such an observation. In the simulations we have
presented in this paper we have not considered the forma-
tion of Ca2+ microdomains on either side of the membrane.
Namely, we have done the simulations assuming constant
values of [Ca2+]c and [Ca2+]lum. We think that, for our
model, the effect of microdomain formation on the cytosolic
side will not be significant because the inhibitory cytoso-
lic Ca2+ site is present only after the channel has already
closed. In the case of the luminal side, we did not include
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such an effect because there was no experimental observa-
tion to support it.

Having a model with a luminal Ca2+ binding site allowed
us to obtain both a bell shape (as observed in[1]) and a
more “square-like” (as observed in[2]) dependence of the
open probability with [Ca2+]c, depending on the value of
[Ca2+]lum, as shown inFig. 6. This observation together
with the fact that, in our model, bothPmax

o and the value
of [Ca2+]c at which it occurs, [Ca2+]max

c , get smaller as
[Ca2+]lum is increased supports our idea that the difference
in the open probabilities observed in[1] and[2,26] can be
due to the different values of [Ca2+]lum used in the ex-
periments. Furthermore, the transition from a “bell-shape”
open probability to a more “square” dependence with [IP3]
as [Ca2+]lum is decreased allows us to fit quite naturally
the recent observations reported in[17] on the lack of in-
hibition of the IP3R for pretty large [Ca2+]c in ultralow
[Ca2+]lum (seeFig. 7). The luminal Ca2+ binding site also
allows us to interpret, in a simple way, the results of[19]
on the way the channel behaves when divalent ions other
than Ca2+ are used as carriers. In that paper, the ions used
were: Ca2+, Mg2+, Sr2+ and Ba2+. From these studies the
authors observed that the mean open time was the smallest

when Ca2+ was the carrier (〈τCa2+
open〉 = 2.9 ms, 〈τMg2+

open 〉 =
4.3 ms, 〈τSr2+

open〉 = 5.9 ms, and〈τBa2+
open〉 = 6.4 ms). This ob-

servation can be interpreted in terms of our model in the
following way. If we think that the calcium luminal site is
quite selective for calcium, then when there is Ca2+ on the
luminal side, the receptor will jump more quickly from the
open to the inhibited state than when other divalent ions are
present in the same concentration. If this transition occurs
more quickly, then the mean open time will be smaller and
the open probability will also be affected.

We have built a model with a luminal Ca2+ binding site
mainly to explain the apparent discrepancies between some
experiments. Now, one could argue that the differences ob-
served in[1] and [2] could be due to the use of different
cell types and/or experimental techniques, in such a way
that accessory proteins that may affect channel gating[31]
could be present in one experiment and absent in the other
one. However, the maximum open probability reported in
[11] and in[1] is quite different for similar values of [IP3]
and [Ca2+]c, while the experiments are done, in both cases,
with reconstituted bilayers from cerebellum. We think that
this discrepancy provides strong evidence in favor of our ar-
gument. There are still some discrepancies that we have not
solved. For example, the experiments of[11] and [2] use
similar values of [Ca2+]lum, however, they observe a differ-
ent value ofPmax

o , albeit, larger, in both cases, than the one
of [1]. In this case, the small difference inPmax

o could per-
haps be attributed to the lack of accessory proteins in one
of the experiments.

We have constructed our model based on a variety of ob-
servations. However, there are many more observations that
we did not take into account. In particular, there are several

experimental studies that are done in intact cells in which
Ca2+ release through IP3R’s is observed using optical tech-
niques (see, e.g.[32–34]). In these experiments there are
several factors that are acting simultaneously and a complete
mathematical description of the observations requires not
only a model of the IP3R, but also a model of Ca2+ diffusion
in the presence of buffers[35], the effect of Ca2+ on nearby
receptors and, possibly, the effect of counter-ions[36]. To
some extent, something similar occurs with superfusion ex-
periments[9,15], although some of these effects could be
ruled out. In order to determine how the IP3R-channel works
we think that it is best to first develop a model based on
tightly controlled single channel records. We assume that
the experiments that provide these data reflect the intrinsic
dynamical properties of the IP3R and build a model accord-
ingly, even if some of them are done for aphysiological con-
centrations. We have built our model based on this concept.

Although we have shaped our model based on a variety
of experimental observations, additional experiments would
be helpful in order to decide whether the basic structure we
propose is correct or not. In particular, a systematic study
of the dependence of the open probability on [Ca2+]lum (for
the different experimental protocols with which the IP3R has
been studied) would serve to validate or not the main point
we try to make with our model. Namely, the fact that the
discrepancies observed in the different types of experiments
are related to the difference in the amount of Ca2+ used on
the luminal side. A detailed analysis of dwell time distri-
butions as a function of [Ca2+]lum would also help in this
regard. Finally, a detailed analysis of experiments with very
low [Ca2+]lum (<1 nM) and large [Ca2+]c (>1�M) would
be useful to validate the existence of an open state on the
branch that starts from the A01 state.

In this paper, we tried to describe a variety of observations
within a unified model, but, at the same time, we tried to keep
the model as simple as possible. Mainly we tried to answer
the very basic question of which are the agonists (cytosolic
and/or luminal) that affect channel gating. While we could
reproduce some of the observations quantitatively, in other
cases the model only gave a qualitative agreement. New
experiments should be done to further test the main features
of our model, in particular, the effect of luminal Ca2+ on
channel gating. From a modeling point of view, we see our
model as a necessary step from which more sophisticated
models may be built. In particular, we think that advancing in
a direction in which the tetrameric structure of the receptor
is taken into account might explain some of the reported
observations on the mean open time of the channel.
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