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ABSTRACT Cytosolic calcium oscillations occur in a wide variety of cells and are involved in different cellular functions. We describe these
calcium oscillations by a mathematical model based on the putative electrophysiological properties of the endoplasmic reticulum (ER)
membrane. The salient features of our membrane model are calcium-dependent calcium channels and calcium pumps in the ER
membrane, constant entry of calcium into the cytosol, calcium dependent removal from the cytosol, and buffering by cytoplasmic
calcium binding proteins. Numerical integration of the model allows us to study the fluctuations in the cytosolic calcium concentration,
the ER membrane potential, and the concentration of free calcium binding sites on a calcium binding protein. The model demonstrates
the physiological features necessary for calcium oscillations and suggests that the level of calcium flux into the cytosol controls the
frequency and amplitude of oscillations. The model also suggests that the level of buffering affects the frequency and amplitude of the
oscillations. The model is supported by experiments indirectly measuring cytosolic calcium by calcium-induced chloride currents in
Xenopus oocytes as well as cytosolic calcium oscillations observed in other preparations.

INTRODUCTION
Oscillations in the cytosolic calcium concentration
( [Ca ]ct) regulate a variety of cellular functions in differ-
ent systems, such as the secretion in the pituitary (Schle-
gal et al., 1987) and parotid glands (Gray, 1988), the
contraction ofsmooth muscle (Ambler et al., 1988; Ben-
ham et al., 1986), and cardiac inotrophy and induction
of arrhythmias (Lakatta et al., 1986). These oscillations
also occur in cells where their function remains un-
known, such as fibroblasts (Harootunian et al., 1988),
endothelial cells (Jacob et al., 1988), and oocytes (Gillo
et al., 1987; DeLisle et al., 1990). Experimentally, cal-
cium oscillations are evoked through the application of
extracellular calcium (Harootunian et al., 1988; Stern et
al., 1988) or calcium mobilizing neurotransmitters (Wa-
kui and Petersen, 1990). These stimuli are responsible
for calcium entry into the cytosol through plasmalem-
mal calcium channels or release from intracellular stores
mediated by a secondary messenger, such as inositol tris-
phosphate (1P3; Berridge and Irvine, 1989).

Recently, two classes of mathematical models have
been proposed to explain the mechanism for cytosolic
calcium oscillations: (a) a molecular model (Meyer and
Stryer, 1988; Swillens and Mercan, 1990) which uses 1P3
binding as the driving force behind the oscillations, and
(b) a compartmental calcium-exchange model (Kuba
and Takeshita, 1981; Goldbeter et al., 1990; Somogyi
and Stucki, 1991) which is based on the fluctuations in
the calcium concentration in both the cytosol and the
ER lumen. The model proposed by Goldbeter and co-
workers (1990) adds a constant calcium flux into the
cytosol from IP3-sensitive stores. It relies on the balance
between the cytosolic and ER luminal calcium so that
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the depletion of the latter causes the closing of the ER
calcium channel, thereby inhibiting the calcium-depen-
dent calcium release. The formulation by Somogyi and
Stucki (1991) differs from the original compartmental
calcium-exchange model in that it requires cooperative
binding of 1P3 and calmodulin to the ER calcium release
channel.
We propose another possible physiological mecha-

nism to explain calcium oscillations which is based on
the interplay between the calcium channels and the cal-
cium pumps in the ER membrane. Okada and co-

workers (1982) offered a similar mechanism in which
the calcium oscillations occurred as a result ofthe move-
ment of calcium across the plasma membrane. Jacob
and co-workers (1988), however, showed that in certain
cells the plasma membrane potential played no role in
cytosolic calcium oscillations, although they did not ex-
clude the role ofER membrane potential fluctuations. In
our model, the driving force behind the oscillations is the
electrochemical gradient across the ER membrane. Cal-
cium oscillations would occurwhen the elevation in cyto-
solic calcium triggers calcium-dependent calcium re-
lease from the ER. The rate of release will increase auto-
catalytically due to the additional increase in cytosolic
calcium. The termination ofrelease occurs when the elec-
trochemical gradient of calcium is diminished by the in-
crease of cytosolic calcium so that the rate of calcium
removal by the action ofcalcium pumps exceeds the rate
of movement of calcium through the channel. Since the
pump rate is dependent on calcium binding, as the cyto-
solic calcium concentration decreases the pump rate also
decreases. Eventually, the pump rate will fall enough so
that the calcium entry into the cytosol once again domi-
nates the changes in cytosolic calcium. This cycle repeats
itself and oscillations occur. It is important to note that
the cytosolic calcium entry that triggers these events is
constant and need not oscillate.
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In this study, we present our membrane model as a
different mechanism to describe cytosolic calcium oscil-
lations by means ofequations that represent the changes
in cytosolic calcium and ER membrane potential. In ad-
dition, we simulate the potential role of buffering in the
control of cytoplasmic calcium oscillations. The model
is applied to simulate calcium-evoked chloride current
oscillations in Xenopus oocytes and may also explain
calcium oscillations in other systems.

Extracellular medium

{z~ ~ ~~~[CaP]J
ts; Ca flux out~~~~~~~~~~~~~~~(To Externalor

Ca flux in f[Ca]cyp jInternal Ca Pool)

(From External or
Internal Ca Pool) + Channel

THE MODEL

Glossary of terms
Variables
[Ca],< = cytosolic calcium concentration

[P] = concentration of buffer protein binding sites
V = ER membrane potential

Functions
Ic = calcium current through ER channel
Ec, = reversal potential across ER for calcium

Parameters
R = ideal gas constant
T = absolute temperature
F = Faraday's constant

[Ca]ER = ER calcium concentration
gca = calcium conductance through ER calcium channel

per area
gc, = maximal calcium conductance per area
S = surface area of ER membrane

Kdim, = dissociation constant off channel protein
V, = volume of cytosolic compartment

kpump = pump rate into the ER
k = pump rate out of cytosol
q = flux of calcium into cytosol

Cm = ER membrane capacitance per area
koff = off rate for buffer protein binding sites
kon = on rate for buffer protein binding sites

[Ptotal] = total concentration of buffer protein binding sites

The model is based on the following assumptions: (a)
The ER membrane is excitable, that is, it separates
charge and has ionic currents flowing across it. Calcium
is the only ion that significantly contributes capacitative
current to evoke changes in the ER membrane potential.
(b) The plasma membrane potential has no influence on
the oscillations (Jacob et al., 1988; Harootunian et al.,
1988). (c) The oscillations occur as a result of competi-
tion between the calcium-dependent calcium release
from the ER and the uptake from the cytosol into the ER
by a calcium-dependent pump. (d) There is a constant
calcium entry into the cytosol from either intracellular
sources through calcium release mediated by a second
messenger, such as 'P3, or extracellular sources through
plasma membrane calcium channels. (e) There is cal-
cium-dependent efflux from the cytosol into the extra-

FIGURE I Schematic representation ofthe calcium oscillation compo-
nents involved in the membrane model. Notice that an increase in
[Ca],y triggers calcium release from the ER. The calcium bound to
cytosolic calcium binding proteins is represented by [CaP].

cellular space by a plasmalemmal calcium pump. (f)
The calcium oscillations in Xenopus oocytes that are
measured by the calcium-dependent chloride current in
the plasma membrane occur primarily in a cytosolic
compartment which is approximated by a spherical shell
comprised ofthe outer 1 um ofthe oocyte (see section on
electron microscopy and stereology). (g) Cytosolic cal-
cium is bound by calcium binding proteins.
The oocyte has a complex buffering system consisting

of calcium binding proteins and calcium stores. The
main cytosolic calcium binding protein is calmodulin
which has a binding constant of o0-6 M'- (Robertson et
al., 1981). Calmodulin has four calcium binding sites
that herein are treated as independent sites. The balance
equation for free calmodulin is given by

d[P]
- koff([Ptotal] - [P]) - kon([Ca]yt[P]), (1)

where [P] is the concentration of free calmodulin cal-
cium binding sites, [Pt,tl ] is the total amount ofcalmo-
dulin calcium binding sites in the cell, [Ca],. is the cyto-
solic calcium concentration, and kc0 and k0ff are the on
and offrates from the binding sites. The concentration of
calmodulin in a resting Xenopus oocyte is -34 ,uM (Car-
taud et al., 1980). Calmodulin has four binding sites per
molecule which yields a total of 132 ,M calcium bind-

ing sites. We use 120 IuM as the total amount ofcalcium
binding sites. The dissociation constant ofcalcium from
calmodulin ranges from 0.2 to 18 ,uM (Robertson et al.,
1981; Lin et al., 1974; Wolffet al., 1977). We use a value
of I IuM with 5 gM-' s - for kon and 5 s-1 for k0ff.
The membrane model assumes that the ER mem-

brane has electrophysiological properties similar to the
plasma membrane. The ER membrane is depolarized by
the calcium current and repolarized by the calcium
pump (Fig. 1).
The calcium current across the ER membrane is given

by
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IC,I = 9Ca(Ec- V), (2)

where gc. is the ER membrane calcium conductance per
unit area, EcQ is the reversal potential for calcium, and V
is the potential difference across the ER. For simplicity,
we assume that the ER luminal calcium concentration
(ICaIER) remains constant at 5 mM (Somlyo et al.,
1981 ). The reversal potential for calcium (Ec) is calcu-
lated by using the Nernst equation

Eca zFRTln ([CaIER) (3)

Data on the ER calcium channel is derived from ex-
periments on the sarcoplasmic reticulum (SR) because
no such information is available on the ER. The conduc-
tance is simplified (Eq. 4) as cooperative binding given
by Hill's equation with Hill coefficient n = 2 (Meissner
et al., 1986; Chay and Keizer, 1983). The concentration
of SR luminal calcium (trans) has been shown to have
no effect on the duration of channel opening (Lai et al.,
1988). Thus, there is no inhibition by trans calcium. It
has also been shown that highly elevated cis calcium
(> 10 ,uM) inhibits calcium release through this channel
(Meissner et al., 1986). However, this calcium concen-
tration is above the physiological values observed during
calcium oscillations and may contribute to the inhibi-
tion ofthe calcium oscillations at high calcium levels. In
our model, we attribute the inhibition by high cis cal-
cium to the decrease of the electrochemical gradient.
Hence, the conductance is given by

9ca = gCaS ( 2d

where gj is the maximal ER membrane conductance
per unit area, and S is the ER surface area (see below).
The dissociation constant of calcium from the channel
protein is represented by Kdiss Kdiss should be in the
range of 2-10 ,uM (Meissner et al., 1986). We choose a
value of 5 pM for KdiS.
The pump is assumed to depend linearly on the [Ca]

because the physiological range is on the linear part of
the Michaelis-Menten curve (Ogawa et al., 1981;
Gandhi and Ross, 1988). In Eq. 5 below, kpump is the
pump rate from the cytosol into the ER. Ogawa and
co-workers (1981) measured a maximal pump rate of
69.8 mM s'- with a Km of 1 ,M for SR calcium uptake in
frog skeletal muscle. The rate constant calculated when
[Ca],k, is 1 pM is 250 s-'. For the oocyte, the rate con-
stant will be considerably slower, i.e., 20.2 s-' because
the oscillations are slow compared with those occurring
during a muscle twitch.
We can now write the complete balance equation for

[Ca],

dt 2FVca _ kpuMPp[Ca]cyt + q - k[Ca]cyt
dtFVcyt ~~~~~Vcyt

+ koff( [Ptot] - [PI) - kon[Ca]cy[P], (5)

where Vcyt is the cytosolic compartment volume (see be-
low), k is the rate constant of calcium efflux from the
cytosol across the plasma membrane, and F is Faraday's
constant. The factor 2 in the denominator is the charge
on a calcium ion. The calcium flux q into the cytosol
remains constant during the course of an oscillation. In
different simulations, which are described in the results,
the value of q is varied to produce different behavior.
The second equation for the model, that of the ER

membrane potential, is given by

scm = Ica - 2FVcytkpump[Ca]yt,mdt (6)

where Cm is the membrane capacitance per unit area and
V is the potential difference across the membrane. The
first term on the right hand side of the equation is the
capacitative current due to calcium movement through
the channel. The second term is the electrogenic current
generated by the ER calcium pump. The complete
model is given in Eqs. 1 through 6.

EXPERIMENTAL PROCEDURES

Materials
Collagenase type IA and other reagents and chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO).

Oocyte culture
Xenopus laevis (Xenopus One; Ann Arbor, MI or NASCO, Ft. Atkin-
son, WI) were maintained at 18-200C and a day-night cycle of 15 h/9
h. A section of ovary was removed surgically from female frogs under
percutaneous tricaine anesthesia and the oocytes defolliculated for 2 h
with 2 mg/ml collagenase in calcium-free ND96 solution (96 mM
NaCl, 2 mM KCI, 1 mM MgCl2, 5 mM Hepes, pH = 7.5). Oocytes
were examined under a dissecting microscope, and healthy looking
stage V and stage VI cells (Dumont, 1972) were selected and main-
tained at 21 °C in enriched ND96 (supplemented with 1.8 mM CaC12,
2.5 mM sodium phosphate, 100 U/ml penicillin and 100 ,g/ml strep-
tomycin) for 1-3 d before recording.

Electrophysiology
Cells were placed in a 0.5-ml bath which was constantly perfused with
medium and then penetrated with two 0.5-I Mg, 3 M KCL filled glass
electrodes attached to a DAGAN 8500 amplifier, using an 8100 probe
(Dagan Corp., Minneapolis, MN). An IBM PC/AT system employing
the TL- interface and pClamp software from Axon Instruments (Bur-
lingame, CA) was used for maintaining voltage-clamp conditions.
Cells were usually held at -70 mV unless otherwise stated. The current
in the voltage-clamp circuit was registered on a chart recorder (Yoko-
gawa, Tokyo, Japan).
The composition of the "calcium-free medium" used to incubate

and perfuse the oocytes was 86 mM NaCl, 2 mM KCI, 15 mM MgCl2,
0.2 mM EGTA, and 5 mM Hepes, pH = 7.5. For acute application of
calcium, 5 mM CaC12 was substituted for 5 mM MgCl2 (no EGTA) to
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maintain the osmolarity unchanged. This solution is referred to as "cal-
cium-containing medium." W= (43)(r3 - (r- 1)'),

Intracellular application of substances
Two techniques were used to introduce reagents into the oocyte cyto-
sol. For acute calcium injection, hereby referred to as "injection," a

pressure system was used. For this purpose, a cell under voltage-clamp
had a third micropipette introduced. Pipettes were obtained by break-
ing the tip to 2-4M,um diameter under microscopic control. The 50-mM
calcium solution was introduced into the pipette tip by applying nega-
tive pressure to the open side. The filled pipette was connected by a

rigid tube to a controller which delivered pulses ofcompressed nitrogen
for specified time intervals (Picospritzer II; General Valve Corp., Fair-
field, NJ). Before insertion into and after withdrawal from the cell, the
pipette tip was immersed in a drop ofmineral oil and observed under a
microscope with an eye piece micrometer. The pressure was adjusted to
obtain a drop ofdrug with a volume of less than 0.4% of the volume of
the oocyte ( 100-200 Mm diameter which is equivalent to 50-200
pmol/cell). From the calcium concentration and the drop diameter
the amount of calcium actually injected could be determined.

Preloading the cell (>10 min exposure) with IP3, referred to as

"loading," was made with a microdispenser (Drumond, Broomall,
PA) through a pulled glass capillary tube with the tip broken at 10,urm
diameter. A drop of mineral oil was added to the tube before introduc-
tion of the microdispenser plunger, and 1-2 MAI solution was added by
backfilling. 30 to 50 nl of the solution were introduced into the cells
after penetration.

where r is the cell radius.
The value ofthe ER surface area (S) is derived from area and length

measurements on the electron micrographs obtained through planim-
etry and the application of the fundamental stereologic principle. The
fundamental stereologic principle (Delesse, 1847) states that the frac-
tion VI ofa volume V2 occupied by randomly distributed components
is equal to the fraction A, ofthe area A2 ofa plane of section ofvolume
V2 covered by transections of those components, that is,

A, V1
=

A2 V2 (8)

The following morphometric measurements were made on the oocyte
cortical cytosol appearing in four electron micrographs:
a,o, = total cross-sectional area of the cortical cytosol (area

between the cortical granules and the plasma membrane
including the ER);

aER = cumulative cross-sectional area ofthe ER in the cortical
cytosol;

LER = cumulative long axes of the ER cisterns in the cortical
cytosol.

The following calculations were made to estimate the ER surface area
to cytosolic volume ratio:

Electron microscopy and stereology
Recent development of microfluorescence measurement of calcium
signals in Xenopus oocytes found that maximal fluorescence intensity
is recorded -10 ,um beneath the plasmalemma (Takehashi et al.,
1987). In fact, calcium oscillations were observed 5 gm below the sur-
face membrane (Parker and Ivorra, 1990). In our work, we monitor
the changes in cytosolic calcium using the native calcium-sensitive chlo-
ride channel. Thus, we assume that changes in calcium concentration
occur in the submembranal region. Deep injections of calcium over

100 gm deep (see Experimental section below) do not immediately
activate the chloride channels. This suggests that the measured calcium
oscillations are a result of calcium elevation closer to the membrane.
Taken together, we confine our analysis of the cytosolic volume and
the ER surface area to the cytosolic compartment, that is, the volume
of the cytosol close to the plasma membrane. We assume that it well
represents the region where the calcium oscillations occur.

Immature denuded oocytes were prepared for transmission electron
microscopy prepared according to published protocols (Gardiner and
Grey, 1983; Charbonneau and Grey, 1984). Oocytes were fixed for 2 h
in 2.5% glutaraldehyde in ND96 at 4°C, then washed and cut by fine
scalpel into the two hemispheres. Only animal hemispheres were used,
as it is known that they contain the larger number of Ca mobilizing
related components (Gardiner and Grey, 1983). Animal hemispheres
were post-fixed for 1 h in 1% OS04 in 50% ND96 at 4°C. After washing
in buffer, specimens were dehydrated in graded ethanol with 1% uranyl
acetate in the 70% stage. Finally, they were embedded in Epon-Araldite
with the equatorial face resting on the flat embedding vessel. After
polymerization, the specimen was glued on its side on a blank resin
block and sectioned perpendicular to the flat face. Ultrathin sections
(silver interference color) were collected on formvar-coated slot grids,
after discarding the first 400 ,um. In this way, sections were taken from
the equatorial region of the animal hemisphere. After counterstaining
with uranyl and lead salts, grids were examined with a Hitachi 12A
electron microscope and micrographs taken at 12,000 magnification
and further enlarged in printing to 30,000 magnification (Plate 1).
The cytosolic compartment consists of the region between the corti-

cal granules and the plasma membrane which is approximated by a

spherical shell -1 ,um in thickness. Its volume (W) is easily estimated
using the difference in volume of two spheres

aC),l = a- aER, (9)

where acyt is the area of the cortical cytosol. Then,

(10)1
aER

rmean
LEr'2LER

where rme.n is the mean radius of ER cisterns, and

4LER
(11)

where VER is the take volume of the ER. The surface area of the ER is
given by

2
ra 2ER

SER 7raER + n 4Lr
4ER

where n is the number of ER cisterns present in the sample. Using the
fundamental stereologic principle, the cytosolic volume in the sample
is

atavER
vct

aER
( 13)

Finally, the value of the ER surface area (Table 1 ) for the entire com-
partment is

S = SER W.
vcyt

(14)

NUMERICAL METHODS
The membrane model (Eqs. 1 through 6) was numerically integrated
using the ROW4D program (Valko and Vajda, 1985) on a Convex
C220 computer. The values ofthe physiological parameters used in the
model are presented in Table 1. When other parameter values are used
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PLATE I Electron micrograph of Xenopus oocyte (30,000 magnification). The ER structures and cytosolic compartment borders are inked to
emphasize the cross-sectional areas that are used in the calculation of the cytosolic compartment volume and the ER surface area.

in the computations they are mentioned in the corresponding figure
caption. The value of the calcium entry into the cytosol (q) was ad-
justed to produce the frequency and amplitude of oscillations observed
experimentally.

like calcium-induced chloride current appears. The
mean interval between the single spikes is 20-30 s. A
series of spikes on a slow time base can be seen in Fig. 3
A. In Fig. 2 B, a series of calcium injections is applied to
the oocyte to bring in a total of400 pmol; the frequency

EXPERIMENTAL RESULTS

Current fluctuations due to
intracellular application of calcium
Shallow injection ofcalcium into the oocyte ( 100 ,uM)
evokes a two component chloride current with a fast
component that lasts less than a minute and a slow com-
ponent that appears after 3-4 min (Dascal et al., 1985).
The slow component consists of current fluctuations
with a small increase in the total current over the base
line. However, with increasing the depth of injection
(>'-200 ,um) and the injection ofa series ofsmall doses,
the rapid transient is not detected and more homoge-
nous calcium diffusion in the cell is achieved (Gillo et
al., 1987).

All the experiments were performed in calcium-free
medium to avoid the effect of the extracellular calcium
pool. Fig. 2 A shows the response to acute injection (see
Methods) of 100 pmol ofcalcium, 200 um below the cell
surface membrane. After a delay of -2 min, the spike-

TABLE 1 Parameter values for the model

Parameter Value

Cm = 1 ,F cm-2
F = 96,500 coulombs (mol e-'

gc -= 340 ,tS cm-2
Kdis. = 5 AM
kpump = 20.2 s5

k = 69.8 s'
S = 6.16x10-3cm2

V<y= 5.84 x l0-5 Al
q = 2.92 x 10-'° mol s-'

Ptotal= 120,uM
kff= 5 s-'
kon= I IM-' s-'

[CaIER = 5,000 gM
V0 = 12.9 mV
R = 8.314 J °K-' mol-1
T = 300 K
r = 600,um

These parameters are used in the simulations unless otherwise stated.
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FIGURE 2 Chloride current fluctuations elicited by intracellular injection ofcalcium in calcium-free medium. The "in" and "out" arrows mark the
insertion and withdrawal of the injection pipette. (A) A total of 100 pmol of calcium is injected at 200 Am into the cell. (B) A total of400 pmol of
calcium is injected at 200 ,m into the cell in consecutive small doses.

of the oscillations is dramatically increased. As the re-

sponse progressed, the frequency of the spikes increased
and the amplitude decreased, eventually becoming high
frequency oscillations. Fig. 3 B shows the high frequency
low amplitude oscillations on a slow time scale, taken
from the same oocyte as in Fig. 2 B, 10 min after the
injection of calcium. The faster oscillations superim-
posed on these oscillations are not modelled. The oscilla-
tions persist indefinitely; we have recorded for as long as

30 min with no significant diminution of the oscilla-
tions. The model suggests that for sustained oscillations
there must be a constant calcium flux into the cytosol.
This flux is probably due to the sequestration of the ini-
tial calcium bolus by intracellular stores and subsequent
slow continuous release ofcalcium from these stores into
the cytosol. This also implies that the pumping of cal-
cium out of the cell is relatively small in spite of the fact
that the cell is perfused in calcium-free medium. Indeed,
Dascal and Boton ( 1990) reported that repetitive deep
injection of calcium into the oocyte loaded the intracel-
lular pool for as long as 90 min.

Current fluctuations due to
extracellular application of calcium
Injection of IP3 or application of calcium-mobilizing
neurotransmitter to oocytes increases the cell membrane
permeability to calcium either at resting membrane po-
tential (Snyder et al., 1988) or by hyperpolarizing steps
(Parker et al., 1987).

Loading the oocyte with a high dose of 1P3 (>2 pmol)
and maintaining it in calcium-free extracellular medium
increase the membrane permeability to calcium for
more than an hour. Exposing the cell to a brief (3-5 s)
extracellular calcium application evokes a large depolar-
izing response which results from calcium flux via the
open channels. Upon calcium washout, damped current
oscillations emerge and decay rapidly (Fig. 4). No cal-
cium oscillations occurred upon longer exposure. How-

ever, calcium oscillations are observed after washout. It
appears as ifthe high level ofcalcium entry into the cyto-
sol attenuates the current oscillations. Thus, we show
that cytosolic calcium oscillations can be stimulated by
extracellular as well as intracellular application of cal-
cium. Furthermore, no oscillations occur when over-
loading the cytosol with calcium.

NUMERICAL RESULTS

We assume that calcium oscillation in Xenopus oocytes
can be measured by the chloride current across the
plasma membrane due to the fact that the chloride chan-
nels are calcium gated as shown in studies involving ob-
servation of calcium oscillations using a calcium sensi-
tive fluorescent dye and monitoring of the chloride
current oscillations (Parker and Miledi, 1986; DeLisle et
al., 1990; Parker and Ivorra, 1990). Osipchuk and co-
workers (1990) have shown a positive correlation be-
tween the cytosolic calcium concentration and the chlo-
ride current using microfluorometry and whole cell
patch clamp in pancreatic acinar cells. Moreover, the
native chloride current seems to better resolve small fluc-
tuations of the cytosolic calcium concentration.
The spikes of our simulated calcium oscillations have

a rising phase that is not observed in the chloride current
records. This is probably due to a threshold phenome-
non. The chloride channels open when the [Ca]cy,
reaches a certain threshold level. The existence of the
threshold phenomenon has been suggested previously to
explain the latency phenomenon (Berridge et al., 1988).
The variation in the current records (Fig. 3) might be
due to the spatial inhomogeneity of the oscillations
(Parker and Ivorra, 1990; Lechleiter et al., 1991 ). Cal-
cium release from a nearby segment of ER can cause a
measurable chloride current that appears in the record as
intermediate small oscillations.
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FIGURE 3 Intracellular injection of calcium on an expanded time
scale of a current fluctuation. (A) Cell injected with a low dose of
calcium (100 pmol) exhibits spike-like chloride current fluctuations.
(B) High frequency current fluctuations observed 10 min after a high
dose (400 pmol) calcium injection.

The membrane model reproduces the oscillatory phe-
nomenon observed when calcium is injected into an oo-

cyte. The injection is deep in the oocyte and gradually
enters the cortical cytosolic compartment. The model
reflects this source ofcalcium (the flux into the compart-
ment) by the parameter q. The ER membrane potential
oscillates around its equilibrium value of 89.3 mV (po-
tential difference of the ER lumen to the cytosol). The
equilibrium value for the percentage offree calcium bind-
ing sites is 95.3%. The equilibrium values are found by
solving the system for the dynamic variables when the
derivatives are set to zeros (Eqs. 1, 5, and 6). The model
reproduces the shape and frequency ofoscillations found
in Xenopus oocytes (Figs. 5 and 6).

Harootunian and co-workers ( 1988) showed that fi-
broblasts depolarized by gramicidin, which allows cal-
cium entry into the cell via voltage gated calcium chan-
neIs, have an increasing frequency and decreasing ampli-
tude of oscillations when exposed to increasing

concentrations of extracellular calcium. Similarly, in-
creases in extracellular calcium in the heart cause an in-
crease in the frequency of spontaneous calcium oscilla-
tions through calcium entry (Stern et al., 1988). We
model this phenomenon by increasing the value ofq, the
constant flux into the cytosol. When q is increased the
amplitude decreases and the frequency increases. These
relationships are shown in Fig. 7. For low values ofq the
model shows spiking of the calcium concentration (Fig.
5) and for high values of q, the oscillations have low
amplitude and high frequency. As the value of q rises
beyond 3.2 X 10-10 ,umol s-', the oscillations cease as

they also do when q becomes zero. In fact, DeLisle and
co-workers (1990) find that calcium oscillations stop
when an oocyte is bathed in 6 mM calcium, and the
oscillations resume when the bath concentration is low-
ered to 0.1 mM. Similarly, Wakui and Petersen ( 1990)
showed that acetylcholine-induced calcium oscillations
in pancreatic acinar cells cease to oscillate when the cells
are exposed to ionomycin, which floods the cytosol with
calcium from the extracellular space, and that the oscil-
lations resume after the ionomycin is removed.
We performed simulations in which the effect of the

buffer was removed to show that the oscillations in the
model were due to the calcium-dependent calcium re-
lease mechanism rather than binding and release from
the buffer. This was accomplished by setting the total
amount of the buffer, and the k0n and koff for the buffer
all to zero. The resulting oscillations increased in both
amplitude and frequency (Fig. 8). A similar result was
obtained in simulations by increasing the total amount
of calcium binding sites, P,0,al (Fig. 9). This finding is
comparable to that of Petersen and co-workers ( 1991 ),
who also observed a decrease in the amplitude and fre-
quency of the cytosolic calcium oscillations upon addi-
tion of citrate to pancreatic acinar cells as our model
would predict.

1C*
C1
0

0-

1mm

FIGURE 4 Chloride current fluctuation evoked by extracellular appli-
cation of calcium to an IP3-loaded cell. Oocyte is preloaded with 2.5
pmol IP3. After 15 min, 5 mM Ca is applied during the period indicated
by the horizontal bars. The current fluctuations die rapidly with cal-
cium washout. Note that in the third application, when calcium is
applied for an extended period, the oscillations cease and reappear after
washout.
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main differences between the two classes are the physio-
logical assumptions that determine the meaning of the
terms in the differential equations. The dynamic vari-
ables in the molecular model are the [Ca ]c)t and the cyto-
solic 1P3 concentration, that is, it assumes that the
cytosolic calcium as well as the cytosolic 1P3 levels are
changing. However, cytosolic calcium oscillations are
observed in pancreatic acinar cells (Wakui et al., 1990)
and in Xenopus oocytes (Taylor et al., 1988; DeLisle et
al., 1990) injected with a nondegradable analogue of1P3.
This suggests that, in a large number ofpreparations, the
cytosolic IP3 concentration remains relatively constant
during the calcium oscillations and, therefore, the latter
cannot be explained by 1P3 fluctuations. Furthermore,
cytosolic calcium oscillations in hepatocytes are indepen-
dent of 1P3 formation (Rooney et al., 1991 ).

1P3 is believed to cause calcium release from intracel-
lular stores. We propose that the constant level of 1P3
causes a constant release ofcalcium, which results in the

1.0

- 0.8
E
2 0.6

_ 0.4
0
0
; 0.2

0

A

FIGURE 5 Simulation of intracellular calcium injection induced oscil-
lations of(A) [Ca ]c,, (B) ER membrane potential, and (C) percentage
free calcium binding sites on calcium binding protein for a small con-
stant flux of calcium into the cytosol (q = 3.21 x 10" Amol/s).

DISCUSSION

A system of mathematical equations describing an oscil-
latory phenomenon arbitrarily far from equilibrium was
established to explain a group of oscillating chemical re-
actions (Prigogine, 1968; Lavenda et al., 1971; Lefever
and Nicolis, 1970). A model of this type includes the
following mathematical features: a positive feedback
term for the oscillating species, a constant flux of this
species, a species dependent removal term, and a balance
equation for a second species that becomes small when
the first species becomes large.

Earlier classes of models for cytosolic calcium oscilla-
tions, namely the molecular model (Meyer and Stryer,
1988; Swillens and Mercan, 1990) and the compartmen-
tal calcium-exchange model (Kuba and Takeshita,
198 1; Goldbeter et al., 1990; Somogyi and Stucki,
1991 ), result in mathematical formulations that include
the features discussed in the preceding paragraph. The
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FIGURE 6 Simulation of intracellular calcium injection induced oscil-
lations of(A) [Ca]k, and (B) ER membrane potential, and (C) percent-
age free calcium binding sites on calcium binding protein for a large
constant flux of calcium into the cytosol (q = 2.77 x 10 ,uAmol s-' ).
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FIGURE 7 The effects of varying the constant flux into the cytosol (q) o n
on the amplitude and frequency ofthe oscillations in cytosolic calcium.

0.2

occurrence of oscillations. Similarly, direct intracellular 0 5 10 15 20 25 30 35 40 45 50

or extracellular application of calcium allows calcium

entry into the cell cytosol which generates cytosolic cal-
FIGURE 9 Simulation of the calcium oscillations with different con-

cium oscillations. The calcium entry from both sources centrations of calcium binding sites: (A) 80 ,tM and (B) 140 ,uM. Note

is described by the constant flux q in the differential that with increased buffer the oscillations have a decreased amplitude

equations. and frequency.

The dynamic variables of the compartmental cal-
cium-exchange model (Goldbeter et al., 1990) are the

cytosolic calcium concentration and the ER luminal cal-
A cium concentration. In this model, the positive feedback

4.C F - l for calcium (Ca-dependent Ca release channel) is acti-

vated by a rise in calcium in both the cytosol and the ER
E 3.0 lumen. The channel is closed by depletion ofthe [Ca]ER.

20 This, however, conflicts with the finding of Lai and co-
0 2.0 l l workers ( 1988) that SR luminal calcium has no effect on

the duration for which a channel stays in the open state.
0 1.0 l In contrast, our membrane model uses the reduction of
0 X the electrochemical gradient to terminate the calcium

o release from the ER.

B Electron microprobe analysis has shown that during
>go 9tetanic contraction in skinned striated muscle, magne-

E L A A A A A A A A A A A A sium and potassium ions move into the sarcoplasmic

*:80 |\ |\ |\ |\ |\ |\ |\ |\ |\ |\ |\ |\| reticulum (SR),and calcium is released (Somlyo et al.,
1981). Although the contribution ofthese counterions is

0

L. 70 \} \1 \1 \1 \1 \1 \1 \1 \1 \1 \1 not insignificant, they together have about half the
c L charge of the calcium ions. For simplicity, the present

E 60L model considers only the contribution of the calcium
ions because adding the potassium and magnesium ions

a: 50 F would involve the addition of two more dynamic vari-
0 5 10 15 20 25 30 35 40 45 0 ables to our model. This omission may not be critical to

Time (sec) the qualitative behavior of the model because the coun-

terion effect serves to maintain an electrochemical gra-
FIGURE 8 Simulation of the oscillations in (A) [Ca]cr and (B) ER dient that allows calcium release down the gradient. This
membrane potential after removal ofthe buffer (P10.1) = 0, kn = 0, and discrepancy can be later modelled as the contribution of
k-ff= 0). Note the increase in the amplitude and frequency of the other ions distributed across the membrane to establish

oscillations. the resting potential. More information on their move-
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ment is needed to firmly establish their role, if any, in
cytosolic calcium oscillations.
Our model demonstrates the local temporal behavior

of cytosolic calcium concentration. It does not describe
the spatial inhomogeneity. A possible direction for fur-
ther research is to model the spatial properties of the
oscillations. For example, calcium released from the ER
can trigger calcium-dependent calcium release in the ad-
jacent ER and hence calcium release can be propagated
along the sheets of ER as shown by Lechleiter and co-
workers ( 1991 ) in Xenopus oocytes.
As an initial test of the membrane model we studied

the calcium-evoked chloride current oscillations inXeno-
pus oocytes. The experiment was performed in calcium-
free medium to exclude the effect ofan extracellular cal-
cium source. In response to an injection ofa low calcium
dose, the current oscillations were high amplitude, low
frequency spikes. A high dose initially elicited high fre-
quency spikes. As time progressed, the oscillations in-
creased in frequency with a decreased amplitude. These
changes in the behavior of the calcium oscillations can
be modelled by an increase in the calcium entry into the
compartment, represented by q. Considering the large
dose of calcium necessary to evoke oscillations (0. 1-0.4
mM final concentration) and the elimination of the fast
component (Fig. 2), we infer that most ofthe calcium is
sequestered into the intracellular stores and by calcium
binding proteins before oscillations begin. With no other
source of calcium we propose that the gradual conver-
sion from transient spikes to high frequency oscillations
results from overloading of the pumps or depletion of
ATP which leads to an increase in [Ca]- via increased
calcium entry into the oscillatory cytosolic compart-
ment. The same mechanism has been recently proposed
for potentiation of the calcium evoked chloride current
by repetitive calcium injection in Xenopus oocytes (Das-
cal and Boton, 1990). Similarly, Wakui and co-workers
( 1990) obtained calcium oscillations in pancreatic
acinar cells by infusion of 100 ,uM calcium.
The model predicts that as calcium entry into the cy-

tosol increases, the oscillation frequency increases and
its amplitude decreases. This is supported by a similar
observation in fibroblasts depolarized by gramicidin
(Harootunian et al., 1988) and exposed to extracellular
calcium and in cardiac myocytes exposed to extracellu-
lar calcium (Stem et al., 1988). Gillo and co-workers
( 1987) showed that shallow injection of 1P3 (high local
dose) produced very small oscillations compared with
deep injection (low dose; see also above). The same rela-
tionship is observed in a response to a calcium-mobiliz-
ing hormone in RNA-injected oocytes (gonadotropin
releasing hormone; S. Sealfon, personal communica-
tion). Moreover, the transition from sinusoidal-like to
transient spiking behavior for the oscillations can be
achieved by decreasing q. The various forms of oscilla-
tions that appear in a variety of preparations have been
reviewed recently (Berridge and Irvine, 1989; Rooney

and Thomas, 1991). Furthermore, the model predicts
that when the constant calcium entry is too small or too
large no oscillations will occur.

When the total amount of calcium binding sites is in-
creased (and q is held constant) the calcium oscillations
decrease in amplitude and frequency. The decrease in
amplitude occurs because the calcium released from the
ER is sequestered by the additional buffer. The fall in
frequency occurs because the rise ofcytosolic calcium to
threshold is slower due to the increased buffering effect,
that is, there is a smaller increase in free cytosolic cal-
cium. This threshold is the point at which calcium-de-
pendent calcium release becomes the predominant pro-
cess. This finding is supported by the work of Petersen
and co-workers ( 1991 ). When citrate is added to pancre-
atic acinar cells the amplitude and frequency ofthe cyto-
solic calcium oscillations decrease. Our model predicts
that removal of buffer will result in an increase ofampli-
tude and frequency of the oscillations. In addition, with
a decrease in amount of buffer, the form of the oscilla-
tions will change from sinusoidal to a transient spiking
pattern.

Oscillations are observed in IP3 loaded cells exposed to
extracellular calcium. IP3 loading increases the plasma-
lemmal permeability to calcium. This shows that the
source of calcium flux can be extracellular as well as
intracellular.
The model demonstrates that a constant calcium

entry into the cytosol is sufficient for the occurrence of
oscillations. Moreover, this flux serves as a mechanism
by which the frequency and amplitude can be regulated.
The source of calcium can be the result of numerous
physiological origins such as IP3 mediated release, flux
from external sources, etc. The degree of binding of cal-
cium by intracellular calcium binding proteins can also
regulate the form, amplitude, and frequency ofcytosolic
calcium oscillations. These two factors can be used in
concert to reproduce a wide variety of oscillations. This
suggests a possible mechanism by which a cell can pro-
duce the different types of oscillations described in the
review by Rooney and Thomas ( 1991 ).
The membrane model demonstrates that the salient

features needed to produce cytosolic calcium oscillations
are calcium-dependent calcium release, a calcium-de-
pendent removal, and a source of constant calcium
entry. In order to extend the model to simulate calcium
oscillations observed in various cells or under different
conditions, the differential equations might be further
developed to include terms for other observed physiologi-
cal mechanisms for calcium regulation. Further experi-
mentation is needed to validate the physiological as-
sumptions that define the model.

We are greatly thankful to S. Mundamattom who performed the elec-
trophysiological experiments. We would like to give special thanks to
Dr. S. C. Sealfon and Dr. A. Sherman for their helpful remarks and

discussion.
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