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Abstract

Intracellular Ca2+ oscillations are observed in a large number of non-excitable cells. While most appear to reflect an intermittent Ca2+

release from intracellular stores, in some instances intracellular Ca2+ oscillations strongly depend on Ca2+ influx, and are coupled to

oscillations of the membrane potential, suggesting that a plasma membrane-based mechanism may be involved. We have developed a

theoretical model for the latter type of intracellular Ca2+ oscillations based on the Ca2+-dependent modulation of the intermediate-

conductance, Ca2+-activated K+ (IKCa) channel. The functioning of this model relies on the Ca2+-dependent activation, and the much slower

Ca2+-dependent rundown of this channel. We have shown that Ca2+-dependent activation of the IKCa channels, the consequent membrane

hyperpolarization and the resulting increase in Ca2+ influx may confer the positive feedback mechanism required for the ascending phase of

the oscillation. The much slower Ca2+-dependent rundown process will conversely halt this positive loop, and establish the descending phase

of the intracellular Ca2+ oscillation. We found that this simple model gives rise to intracellular Ca2+ oscillations when using physiologically

reasonable parameters, suggesting that IKCa channels could participate in the generation of intracellular Ca2+ oscillations.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Oscillations of the intracellular Ca2+ concentration

([Ca2+]i) have been reported in a variety of non-excitable

cells (reviewed in Ref. [1]), and appear to be important in

the control of several cell activities, such as energy

metabolism, secretion, gene transcription, and the regulation

of kinases and phosphatases [2–5]. [Ca2+]i oscillations are

often triggered by physiologically relevant concentrations of

phospholipase C (PLC)-coupled agonists. This fact has led

many investigators to conclude that the underlying mech-

anism is the Ca2+-induced Ca2+-release (CIRC) from intra-

cellular stores. Moreover, removal of extracellular Ca2+ or

changes in membrane potential have been shown to have no

effect on the [Ca2+]i oscillations for several cycles in most of
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the cell types investigated [6,7]. Based on these observa-

tions [Ca2+]i oscillations have been modelled as being the

result of an intermittent Ca2+ release from intracellular

stores which is often determined by the CIRC mechanism

(reviewed in Ref. [8]). In this case, the basic underlying

processes of the [Ca2+]i oscillations are confined to the

interior of the cell and the Ca2+ entry is only required to

replenish the intracellular Ca2+ stores.

In some cells, however, [Ca2+]i oscillations do not

conform to the above scheme, rather they are generated

by plasmalemma-based mechanisms, such as oscillatory

changes in the rate of Ca2+ entry [2,9–13]. In activated T

lymphocytes, for example, the thapsigargin-induced [Ca2+]i
oscillations are rapidly inhibited by a reduced Ca2+ influx,

achieved either by reducing extracellular [Ca2+], or by

blocking Ca2+ influx pathways. [Ca2+]i oscillations have

also been found to be correlated with oscillations of the

membrane potential, which is a major determinant of the

driving force for Ca2+ influx [9,10,12–14]. In several
113 (2005) 17–23



B. Fioretti et al. / Biophysical Chemistry 113 (2005) 17–2318
instances, it has been demonstrated that if the rhythmic

changes of membrane potential are stopped, the Ca2+

oscillatory response disappears [12,13,15]. This fact sug-

gests that [Ca2+]i oscillations may be generated by the

oscillatory changes in the rate of Ca2+ entry, and further

supports the hypothesis of an underlying plasma membrane-

based mechanism. The above data have stimulated our

search for a theoretical model in which plasmalemma-based

(as opposed to intracellular confined) mechanisms are

central to the generation of [Ca2+]i oscillations. The model

here proposed is based on a dual Ca2+-dependent modu-

lation of the intermediate-conductance, Ca2+-activated K+

(IKCa) channels (see below).

Calcium-activated K+ (KCa) channels participate in a

multitude of physiological processes by coupling intra-

cellular Ca2+ signalling to membrane voltage. Traditionally,

KCa channels have been classified as large (BK), small (SK),

and intermediate (IKCa), based on their single channel

conductance [16,17]. IKCa channels are expressed primarily

by non-excitable cells, including secretory epithelia [18],

erythrocytes [19], lymphocytes [20], and glioma cells [21].

IKCa channels are activated by [Ca2+]i with an IC50 of

several hundred nanomolars, well within the range of

[Ca2+]i reached during [Ca2+]i oscillations. A less well

investigated characteristic of the IKCa channels is its Ca
2+-

dependent rundown, having kinetics much slower than its

Ca2+-dependent activation. In several cells, IKCa current

activation, usually induced by bath application of ionomy-

cin or cell dialysis with a high [Ca2+]i solution, is followed

by a slow inactivation of the current [22–24]. This process is

also present when recordings are made using the perforated-

patch configuration which preserves cell integrity, indicating

that channel rundown is not due to the loss of intracellular

factors [23,24]. Current rundown is accelerated with

increasing [Ca2+]i, suggesting that the process is Ca2+-

dependent [24]. Notably, cells exhibiting synchronized

oscillations of [Ca2+]i and membrane potential abundantly

express IKCa channels [9,10,13,25]. Furthermore, blockage
Fig. 1. The model of [Ca2+]i oscillations based on the IKCa channel activity.

(A) Positive feedback loop controlling [Ca2+]i, that involves IKCa channel

activation by the intracellular Ca2+, membrane hyperpolarizarion and the

consequent increase in Ca2+ influx. (B) Scheme illustrating the various

plasmalemmal components included in our model. Symbols have the

following meaning: Jout, energy-driven Ca
2+ flux out of the cell; J in, inward

Ca2+ flux driven by the electrochemical gradient; [Ca2+]i, intracellular Ca
2+

concentration; Vm, transmembrane potential difference (inside minus

outside); gL, leakage conductance; gK, IKCa conductance.
of IKCa channels with charybdotoxin leads to the inhibition

of [Ca2+]i oscillations in both C6 glioma cells [13] and T

lymphocytes [15], suggesting that the activity of IKCa

channels is essential for the generation of these oscillatory

activities.

We reasoned that the Ca2+-dependent activation of IKCa

channels, the consequent membrane hyperpolarization and

the increase in Ca2+ influx may provide the positive

feedback needed during the ascending phase of the [Ca2+]i
oscillation (Fig. 1A). The much slower Ca2+-dependent

rundown could, conversely, interrupt this positive loop, and

establish the descending phase of the [Ca2+]i oscillatory

cycle. The model presented below tests whether IKCa

channels could potentially be the key component of a

plasma membrane-based [Ca2+]i oscillatory activity.
2. Mathematical model

Fig. 1B depicts the cellular components included in our

model of [Ca2+]i oscillations. Two plasma membrane-based

mechanisms contribute to alterations in the [Ca2+]i, here

referred to as x: a passive Ca2+ influx through a voltage-

independent pathway ( Jin), and an energy-driven Ca2+-

extrusion from the cytosol to the extracellular medium

( Jout):

dx tð Þ
dt

¼ Jin � Jout

vol
ð1Þ

vol represents the cell volume, corrected for the buffering

capacity of the intracellular medium (see, for example, Ref.

[26]). Jin is driven by the membrane potential difference

between the inside and outside of the cell, Vm, in accordance

with the following ohmic relationship (see, for example,

Ref. [27]):

Jin ¼ � gCa Vm � ECað Þ
zCaF

ð2Þ

where gCa, ECa, and zCa are the Ca2+ conductance, reversal

potential, and valence, respectively, and F is the Faraday

constant.

The energy-driven Ca2+ extrusion from the cytosol to the

extracellular medium, Jout, is modelled as a membrane

Ca2+-ATPase activity (see, for example, Refs. [28,29]):

Jout ¼ /Ca

x2

x2 þ K2
out

ð3Þ

where /Ca is the maximal activity of the pump and Kout its

Ca2+ dissociation constant.

Vm is set by the ionic conductances present in the

membrane. Besides the above described gCa, we also

included in the model a leakage conductance ( gL) and a

K+ conductance ( gK) (see Fig. 1B). The leakage conduc-

tance includes the contribution of the different cation and

anion background channels present in the cell. The electro-



Fig. 2. Anatomy of the [Ca2+]i oscillations. (A) [Ca2+]i oscillations

generated by numerical integration of the model described in this paper.

The model parameters are reported in Table 1. (B) Time course of

changes in the relevant variables of the model during the [Ca2+]i
oscillatory cycle.

Table 1

Parameter values of the model

gK,max=7 nS ECa=0.1 V

n=3 gL=1 nS

K=400 nM EL=0 V

Kh=400 nM Kp=120 nM

EK=�0.08 V /Ca=0.7�10�16 mol/s

k1=2�104 s�1 M�1 zCa=2

gCa=85 pS vol=30 pL
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neutrality condition imposes that the transmembrane total

ion current is zero, namely:

gL Vm � ELÞþgCa Vm�ECað Þþ gK Vm � EKð Þ þ Jout F ¼ 0ð
ð4Þ

where EL and EK are the leakage and K+ reversal potentials,

respectively. The term Jout F takes into account the

contribution of the Ca2+-ATPase to the transmembrane

current, assuming a Ca2+/H+ countertransport with a

stoichiometry of 1:1 [30]. Eq. (4) can be solved to give a

relationship for membrane voltage

Vm ¼ gCaECa þ gLEL þ gKEK � JoutF

gCa þ gL þ gK
ð5Þ

Note that in Eqs. (4) and (5) the membrane charging

(capacitance) current has been neglected, assuming that it is

fast compared to the time scale of [Ca2+]i oscillations.

The key feature of our model is the double, antagonistic

modulation (positive and negative) of gK (here represented

by the IKCa channels) that occurs with significantly different
kinetics: the Ca2+-dependent activation, and the much

slower, Ca2+-dependent current rundown. Namely

gK ¼ gK;maxh tð Þ xn

xn þ Kn
ð6Þ

where gK,max is the maximal IKCa conductance, h(t)

represents the time-dependent fraction of available channels

(not residing in the rundown state), and K and n are the Ca2+

binding constant and Hill coefficient for the Ca2+-dependent

channel activation, respectively. Note that while the Ca2+-

dependent IKCa channel activation is considered instanta-

neous on the temporal scale of the [Ca2+]i oscillations, the

rundown process is instead much slower. In the absence of

experimental evidence regarding the kinetic mechanism

underlying IKCa channel rundown, we modelled this process

as a first-order, Ca2+-dependent transition, namely

WhW V
k1½Ca2þ�i

k�1

W1� hW ðScheme1Þ

where bhQ and b1�hQ represent the channel not-residing and

residing in the rundown state, respectively, and k1 and k�1 are

the forward and reverse rate constant for channel rundown. In

accordance with Scheme 1, the temporal evolution of

rundown is described by the following first-order differ-

ential equation, generally used to describe the dynamics of

activation and inactivation of ion channel gates [31]:

dh tð Þ
dt

¼ k1Kh 1� h tð Þ½ � � k1x tð Þh tð Þ ð7Þ

where Kh=k�1/k1 is the dissociation constant for Ca2+ ions.
3. Results

Fig. 2A shows that our model, seeded with reasonable

values of the cell parameters (see Table 1), is able to respond

with sustained [Ca2+]i oscillations. To try to understand the

mechanism(s) underlying the oscillatory activity, we looked

at the temporal variations of the relevant variables during the

oscillatory cycle (Fig. 2B). The rising phase of the oscillation

(labelled 1 in Fig. 2B) is the result of the positive feedback

involving the Ca2+-dependent gating of IKCa channels and

membrane potential (cf. Fig. 1A). During this phase, raising

[Ca2+]i increases the open probability of the IKCa channel.

This results in a hyperpolarization of the membrane which

will increase the electrochemical gradient for Ca2+ influx,
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leading to a further increase in [Ca2+]i. The rising phase in

[Ca2+]i terminates (phase 2) when sufficient time has elapsed

to get a sensible rundown of IKCa channels, which will cause

a membrane repolarization and a reduction in Ca2+ influx.

Under these conditions, Ca2+ pumps will slowly deplete the

intracellular Ca2+, causing the descending phase of the

oscillation (phase 3). Finally, IKCa channels will recover

from rundown (phase 4) when low [Ca2+]i conditions are re-

established, allowing the cycle to start over again.

We next investigated the dependence of the model on the

IKCa channel properties (Figs. 3 and 4). This was done by

using the program XPPAUT as implemented by B. Ermentr-

out (http://www.math.pitt.edu/~bard/xpp/xpp.html). Fig. 3A
Fig. 3. Dependence of [Ca2+]i oscillations on the IKCa conductance. (A)

Bifurcation diagram of our model, made with gK,max, the maximal IKCa

conductance, as a variable. Solid thick and thin lines indicate stable and

unstable steady states, respectively. Closed and open symbols indicate

stable limit cycle and unstable orbits, respectively. Inset: plot of the

oscillatory frequency as a function of gK,max, for both stable limit cycles

and unstable periodic orbits. (B) Phaseplane diagrams showing the behavior

of the model for four different gK,max values. All the other parameters of the

model were held fixed to the values reported in Table 1. Dashed and solid

thin lines represent the x- and h-nullcline, respectively, while thick lines

denote trajectories.

Fig. 4. Dependence of [Ca2+]i oscillations on the rundown kinetics and

steady state properties. Panels (A) and (B): bifurcation diagrams and

frequency plots (insets) made by considering k1, the forward rate constant

for channel rundown (A), or Kh, the Ca2+ ion dissociation constant for

channel rundown (B), as variables. All the other parameters of the model

were held fixed to the values reported in Table 1.
presents a bifurcation diagram showing the steady states and

oscillatory solutions, as well as their stability, as the maximal

IKCa conductance, gK,max, is varied. Fig. 3B (a–d) shows

phaseplane diagrams for four different gK,max values,

corresponding to the four different behaviors encountered

in panel A. For gK,max values lower than 5.6 nS there is a

single steady state representing a globally stable attractor. As

shown in the phaseplane diagram of Fig. 3B(a), made up

with a gK,max value within this region, model trajectories will

decay towards this steady state. With larger gK,max values the

steady state loose stability in a Hopf bifurcation. For gK,max

values just above this point the trajectory will end in a stable

limit cycle (see the phaseplane diagram of Fig. 3B(b)).

Finally, the fixed point gains again stability in another Hopf

bifurcation at gK,max=7.1 nS, and remain stable as gK,max

continues to increase (Fig. 3A). The upper Hopf bifurcation

is subcritical, and the resultant branch of unstable periodic

orbits (open symbols in Fig. 3A) turns around in a saddle

node of periodic bifurcation (at gK,max=8.3 nS), giving rise to

a branch of stable limit cycles (closed symbols in Fig. 3A). In

the range of gK,max values between the upper Hopf

bifurcation and the saddle node of periodic bifurcation, the

model is actually bistable, generating either sustained [Ca2+]i
oscillations or a stable [Ca2+]i, depending on the initial

conditions of the simulation. This behavior can be better

understood by looking at the corresponding phaseplane

http://www.math.pitt.edu/~bard/xpp/xpp.html
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diagram shown in Fig. 3B(c). The fixed point of the system

here has attracting properties, and trajectories starting close

to it are attracted (see the trajectory labelled t1 in the diagram

of Fig. 3B(c)). A different behavior is instead obtained for

trajectories starting farther away from this fixed point which,

rather than being attracted towards the fixed point, ends up in

a stable limit cycle (see the trajectory labelled t2 in the

diagram of Fig. 3B(c)). The two attractors (the fixed point

and the stable limit cycle) are separated by an unstable orbit

(marked in the diagram with a thin line), that we have found

by backward integration of the system. Initial h and x values

inside the unstable orbit tend to the attracting steady state,

while initial values outside of it will lead to the limit cycle.

Finally, note from the phaseplane diagrams of Fig. 3B that

varying gK,max affect only the x-nullcline, while leaving

unaltered the h-nullcline, as expected from Eqs. (1) and (7).

In the inset of Fig. 1A the oscillatory frequency of the stable

and unstable limit cycles are reported as a function of

gK,max. It can be seen that the oscillatory frequency

significantly increases with increasing gK,max.

We also found that the rate and steady state properties of

IKCa channel rundown are particularly important to establish

the [Ca2+]i oscillations (Fig. 4A and B). As shown in Fig.

4A, a faster channel rundown (achieved by increasing the

forward rate constant, k1) causes the oscillations to be of

lower amplitude and higher frequency (see inset to Fig. 4A).

Notably, for k1N0.077 s�1 mM�1 the oscillatory activity

disappeared (Fig. 4A). This result suggests that the

hysteresis of the IKCa channel activity (i.e. the significantly

different gK trajectories during the ascending and descend-

ing phases of the [Ca2+]i oscillation), caused by the slow

kinetics of channel rundown, is an essential feature for the

existence of [Ca2+]i oscillations.

Fig. 5 finally illustrates the dependence of [Ca2+]i
oscillations on Ca2+ influx, namely the parameter gCa.
Fig. 5. Dependence of [Ca2+]i oscillations on Ca
2+ conductance. Bifurcation

diagram of our model, made with gCa, the Ca
2+ conductance, as a variable.

All the other parameters of the model were held fixed to the values reported

in Table 1. Solid thick and thin lines indicate stable and unstable steady

states, respectively. Closed and open symbols indicate stable limit cycles

and unstable orbits, respectively. Inset: plot of the oscillatory frequency as a

function of gCa, for both stable limit cycles and unstable periodic orbits.
Since PLC-coupled agonists are often able to increase Ca2+

entry rate, due to activation of capacitative Ca2+ entry as

result of agonist-induced Ca2+ store depletion, or alter-

natively to the arachidonic acid (AA)-mediated opening of

Ca2+-selective conductances (reviewed in Ref. [32]), varia-

tions in the agonist concentration would have an effect

similar to that obtained by varying the gCa parameter. It can

be seen that sustained oscillations are obtained within a

relatively narrow range of the gCa parameter (Fig. 5). This

result is in line with several experimental reports indicating

that [Ca2+]i oscillations are induced only within a window of

agonist concentration [33].
4. Discussion

In this study we found that a simple model of plasma

membrane-based Ca2+ homeostasis gives rise to [Ca2+]i
oscillations when fed with physiologically reasonable

parameter values. The key feature of the model is the dual

Ca2+-dependent modulation of IKCa channels: the Ca2+-

dependent activation and the slower Ca2+-dependent run-

down. In fact, the slow kinetics of the IKCa channel

rundown introduces hysteresis into the model system which

is a basic requirement for all oscillatory processes. The

formalism used to describe our model of [Ca2+]i oscillations

shares several features with the Hodgkin–Huxley formalism

of plasma membrane electrical excitability [34], and with

reduced models of [Ca2+]i oscillations based on the IP3
receptor kinetics [8,35]. These are, the activation and (slow)

inactivation of an ion channel by a regulatory state variable

(voltage in the Hodgkin–Huxley model, and Ca2+ in the

[Ca2+]i oscillation models, respectively), which in turn

positively modulates the channel activity. The positive

feedback between the channel activity and the regulatory

state variable is the process that underlies the rising phase of

the oscillatory cycle (cf. Fig. 1A), whereas channel

inactivation achieved by interrupting this positive loop, is

responsible for the descending phase of the oscillation. The

present model differs from previously published models of

[Ca2+]i oscillations in that: (i) the positive feedback

mechanism needed to generate the oscillatory activity

involves the IKCa channel, instead of the CIRC from the

endoplasmic reticulum, and (ii) the membrane potential and

Ca2+ influx are assigned critical roles.

Although the proposed model is at the moment hypo-

thetical, experimental evidence seems to support its applic-

ability in selected cases. For example, in C6 glioma cells,

low concentrations of bradykinin induce synchronized

oscillations in the [Ca2+]i and cell membrane potential, both

of which are strongly dependent on transmembrane Ca2+

fluxes [13]. Bath application of charybdotoxin, an inhibitor

of IKCa channels, effectively blocks both of these oscillatory

activities [13], thereby demonstrating the central role that

IKCa channels play in the generation of [Ca2+]i (and

membrane potential) oscillations. A similar mechanism
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may also be relevant in the mitogen- and thapsigargin-

induced [Ca2+]i oscillations observed in activated T lym-

phocytes. In this preparation the oscillatory activity has been

shown to be correlated with the oscillatory transmembrane

Ca2+ influx [36,37], which is probably the result of

membrane potential, and Ca2+-driving force, oscillations

[38]. Also in this case IKCa channel inhibition with

charybdotoxin blocked the oscillatory activity [15].

We have demonstrated that Ca2+-dependent rundown

of IKCa channels is important for generating [Ca2+]i
oscillations in our model. This process has been

documented in several non-excitable cells (see Introduc-

tion). The origin of the IKCa channel rundown is presently

unknown, although AA is a possible candidate. Indeed, at

sub-micromolar concentrations AA has been shown to

inhibit epithelial and cloned IKCa channels [18], and a

Ca2+-dependent AA increase has been demonstrated in

many non-excitable tissues [39,40]. Interestingly, the

transient stimulation of epithelial Cl� secretion by Ca2+

agonists has been attributed to a Ca2+-dependent AA

production and the consequent block of IKCa channels

[18]. Alternatively, the IKCa channel rundown could be

triggered by a Ca2+-dependent phosphorylation and de-

phosphorylation of the channel protein. Indeed it has been

demonstrated that both PKC- and PKA-mediated phosphor-

ylation can alter the activity of this channel [41,42]. Since

experimental studies of the detailed kinetics of IKCa channel

rundown are lacking, in our model we described it as a

single-step, Ca2+-dependent process.

For a relatively wide range of gK,max values, the model

presented here is bistable, rather than oscillatory (cf. Fig. 3),

that is, [Ca2+]i can either oscillate, or remain stable at a

definite steady state value, depending on the previous

history of the system. A region of the x–h plane exists

(the one delimited by the unstable orbit in Fig. 3B(c)) where

a trajectory will be attracted towards the fixed point of the

system. If the trajectory jumps outside this region, the

system will start to oscillate because it is no longer attracted

to the fixed point. The system will keep oscillating until

another event brings the trajectory back inside the unstable

orbit. This occurrence suggests that the mechanism we

propose has the potential to play a major role in the

generation of the complex [Ca2+]i oscillations seen in some

cells, which consists of periods of relatively high frequency

[Ca2+]i oscillations separated by periods with stable [Ca2+]i
[43].

Several other structures and mechanisms control [Ca2+]i
in living cells, and shape and modulate [Ca2+]i oscillations.

Our simple model does not include these. The many non-

linear processes that could participate in an instability-

generating loop include CIRC, desensitization of IP3
receptors, PLC activation by Ca2+, and Ca2+ inhibition of

capacitative Ca2+ entry. These additional processes were not

included into our model because our goal was to test

whether IKCa channels could, by themselves, behave as

bpacemakersQ for [Ca2+]i oscillations. The membrane
oscillator described in this paper, together with other cellular

oscillators, could build more complex [Ca2+]i oscillations. It

has been shown that complex oscillatory phenomena, such

as bursting and chaotic [Ca2+]i oscillations, may arise from

the interplay between several instability-generating mecha-

nisms, each of which is capable of producing sustained

oscillations [44].

Further experimental evidence is needed to obtain a more

complete understanding of the physiological relevance of

this model.
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